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ABSTRACT 
Solvent liquefaction using polar aprotic solvents is a promising approach for 
production of solubilized carbohydrates as biofuel precursor from lignocellulosic 
biomass. However, many technical challenges preclude its application at commercial 
scale. This research focuses on improving upon these challenges with bench-scale studies 
on liquefaction of cellulose and hardwood biomass in a variety of polar aprotic solvents. 
Cellulose conversion was studied in a variety of polar aprotic solvents at hot, 
pressurized conditions, including 1,4-Dioxane, ethyl acetate, tetrahydrofuran (THF), 
methyl iso-butyl ketone (MIBK), acetone, acetonitrile, and γ-valerolactone (GVL). 
Maximum yield of depolymerized carbohydrate and products of carbohydrate 
dehydration from cellulose, called solubilized products, was 72 to 98% at 350 oC within 
8-16 min of reaction. The most prevalent solubilized carbohydrate product was 
levoglucosan and it was produced with yields reaching 41% and 34% in acetonitrile and 
GVL, respectively. Levoglucosan yields increased with increasing polar solubility 
parameter of the solvent. This behavior of solvents could be attributed to reduction of 
apparent activation energy of cellulose depolymerization in higher polarity solvents. 
Recovery of solvents in all cases was high. 
The effectiveness of a wide range of polar aprotic solvents, including1,4-Dioxane, 
ethyl acetate, THF, MIBK, acetone, acetonitrile, and GVL, in depolymerizing cellulose 
into solubilized carbohydrates in the presence of dilute acid catalyst.  While yields of 
solubilized carbohydrates strongly depended on the polar solubility parameters of 
solvents, the use of dilute acid catalyst substantially removed differences in the yields for 
various polar aprotic solvents. The equalized solubilized carbohydrate yields among the 
 xii 
polar aprotic solvents were 83-97%. Levoglucosan and solubilized carbohydrates yields 
in 1,4-Dioxane, THF, and acetone approached that of GVL, along with completely 
solubilizing cellulose within 1-7 min.  The low polarity, low boiling point solvents 
showed high stability and competitive yields of the anhydrosugar compared to high 
polarity and high boiling solvent such as GVL due to low initial rates of levoglucosan 
degradation. The ease of separation of low polarity, low-boiling solvents offers them as 
attractive media for solubilized carbohydrates production when used in presence of acid 
catalyst.  
Use of 1,4-Dioxane to depolymerize cellulose for production of solubilized 
carbohydrates was explored. The low boiling point of this low polarity solvent offers 
inexpensive and simple separation compared to higher boiling point solvents like GVL, 
which has been previously investigated for acid-catalyzed depolymerization of cellulose. 
In this work, several key reaction parameters including reaction temperature, acid catalyst 
concentration, and content of co-solvent water in 1,4-Dioxane were studied for their 
impact on enhancing sugar production from cellulose. Yield of levoglucosan, the major 
anhydrosugar product of cellulose depolymerization, was maximized at 71% by operating 
at high temperature, short reaction time, low acid concentration and low mass loading of 
cellulose. Use of water as a co-solvent improved cellulose solubilization and promoted 
solubilized carbohydrates production at low temperature and high mass loading. This 
behavior of acid-catalyzed co-solvent system could potentially enable processing of 
cellulose at high solid loadings and milder conditions thus increasing its applicability at 
large scale. 
 
 xiii 
In this work, a novel two-step liquefaction process was developed for bench-scale 
production of solubilized, fermentable carbohydrates from hardwood biomass in a 
mixture of THF, water and dilute sulfuric acid. THF facilitates solubilization of lignin 
and hemicellulose in the biomass in presence of dilute acid catalyst resulting in 61% 
lignin extraction and 64% xylose recovery in a mild pretreatment step. The pretreatment 
loosens up the structure of biomass by delignification and produces a cellulose-rich 
hardwood, which could be readily solubilized at low temperature in a subsequent solvent 
liquefaction step using THF/water/acid mixture. The combined pretreatment and solvent 
liquefaction process produced 60% glucose yield and 89% xylose yields based on initial 
amounts of glucan and xylan in untreated biomass. Additionally, volumetric productivity 
of sugars was four orders of magnitude larger than conventional enzymatic hydrolysis. 
This process, not only achieves comparable sugar yields and significantly enhanced sugar 
productivity compared to biological processes and state-of-the-art solvent liquefaction 
techniques, but it also offers prospects for overcoming economic and sustainability 
barriers of cellulosic ethanol production by using THF which is relatively low-cost and 
low toxicity, derivable from biomass, and readily separable from sugar solution due to its 
low boiling point.  
  
1 
CHAPTER 1.    INTRODUCTION  
Motivation for Bioeconomy 
Fossil energy constitutes most of the energy consumption in the United States. 
Petroleum (36%), natural gas (29%), and coal (16%) are widely used for transportation, 
generating electricity and providing domestic and industrial heating. According to U.S. 
Energy Information Administration (EIA) Monthly Energy Review (MER) of April 2016, 
non-renewable energy resources accounted for 90% of all the energy consumed in the 
country, as shown in Figure 1. Renewable energy sources constituted about 10% of all 
energy used in the U.S. with biobased energy being the largest of all renewable energy 
resources. 
      
Figure 1. Consumption of non-renewable and renewable energy resources in U.S., 
Source: U.S. Energy Information Administration, Monthly Energy Review, April 2016 
 
Petroleum, natural gas and coal are fossil-based fuels and cover up to 81% of all 
non-renewable energy resources. However, fossil fuel reserves are not infinite [1]. 
According to 2015 BP Statistical Review of World Energy, globally available fossil fuel 
  
2 
reserves are now 892 billion tons of coal, 186 trillion cubic meters of natural gas, and 
1688 billion barrels of crude oil. At current production rates, the proved reserves of coal, 
natural gas and petroleum would be depleted within 113, 54, and 53 years respectively. 
On the other hand, the consumption rate of crude oil has been projected by EIA to grow 
over 48% by 2040 as given in Figure 2 (a), especially, in the developing countries. With 
this high consumption rate, Figure 2 (b) shows that production of crude oil in the world 
including U.S. has not significantly gone up in recent times. Plan for a sustainable 
utilization of energy is therefore highly important for the future.  
 
   
Figure 2. Recent crude oil (a) consumption and (b) production in the U.S. and the world 
adapted from EIA, International Energy Outlook, 2016. 
 
Although U.S. petroleum import touched a low of 25% in 2016, foreign countries 
still supply a large part of its consumed crude oil and policymakers often cite estimates of 
Nation’s net imports to have reached 56-78% in the past decades [2]. Additionally, a 
reduction of dependence on petroleum from the supplying countries is suggested to 
achieve oil-security in the U.S. [3]. In the context of geopolitical and economic scenarios, 
national energy security is another important motivation to steer away from the 
petroleum-based economy toward a biobased economy. 
(a) (b) 
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Furthermore, it is well known that fossil fuels significantly increase greenhouse 
gas (GHG) emissions, which is a major contributor of global climate change. The most 
emitted greenhouse gas as a consequence of human activity is carbon dioxide (CO2) and 
its share in total GHG emissions was reported to be about 81% according to U.S. 
Environmental Protection Agency’s (EPA) report on GHG inventory in 2014. As can be 
observed in Figure 3, transportation sector contributes to majority of the CO2 emissions 
in the U.S. As estimated by EIA, U.S. motor gasoline used in transportation in 2015 
generated about 1105 million metric tons of CO2 of a total emission of 1545 million 
metric tons of CO2 from liquid transportation fuels. This is equivalent to 83% of total 
transportation sector CO2 emissions and 29% of CO2 emissions associated with U.S. 
energy applications. This raises one of the biggest concerns against the use of 
transportation fuels such as gasoline derived from petroleum and thus rationalizes the use 
of renewable fuels for improving environment quality. 
 
      
Figure 3. Carbon dioxide emissions from (a) different sectors of energy use and (b) 
different sources in transportation sector in million metric tons. Source: US Energy 
Information Administration, Monthly Energy Review, March 2017 
(a) (b) Million metric tons of CO2 Million metric tons of CO2 
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Biorenewable Resources for Biofuel Production  
Bioenergy has the potential to improve environmental quality and reduce 
dependence on imported crude oil. Nevertheless, the share of biofuels in U.S. 
transportation energy is still as low as 5%, as shown in Figure 4 below. 
 
 
Figure 4. Use of gasoline and other fossil fuels, and biofuels in U.S. transportation, 
Source: U.S. Energy Information Administration, Monthly Energy Review, Tables 2.5 
and 3.8c, preliminary data, April 2016, 1Based on energy content, 2Motor gasoline and 
aviation gas, excludes ethanol, 3Excludes biodiesel, 4Electricity, liquefied petroleum gas, 
lubricants, residual fuel oil, and other fuels; Sum of individual components may not equal 
100% because of independent rounding.  
Biorenewable resource (biomass) is any organic material of recent origin [4]. 
Plants sequester carbon dioxide emitted from burning transportation fuels for growth of 
new plants that can be used for bioenergy production thus making biofuels renewable. 
Additionally, this approach could reduce GHG emissions from transportation sector.  
Ethanol from biorenewable sources can significantly reduce tail-pipe emissions 
[5]. It is a non-toxic and biodegradable fuel unlike gasoline. Ethanol and ethanol-gasoline 
blends are more “clean-burning” and have higher octane number compared to pure 
gasoline [6]. Although pure ethanol has lower volumetric energy density than gasoline 
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and it may cause phase separation due to water contamination affecting engine 
performance,[7, 8] U.S. Renewable Fuel Standard (RFS) have set 10% blending of 
ethanol with gasoline in order to cut down on GHG emissions. In fact, RFS2 has put forth 
a target of producing 36 billion gallons of renewable fuels by 2022. Thus, it is imperative 
to develop economically feasible and sustainable large-scale technologies for production 
of ethanol and other liquid fuels from biorenewable resources.    
The environmental benefit of producing ethanol is reduced when using corn 
compared to cellulosic biomass [7]. Additionally, cellulosic ethanol production may 
avoid food vs. fuel and indirect land use change debate as often associated in corn ethanol 
production [4]. Hence, there is a worldwide push in science, technology and policies 
toward production of cellulosic ethanol.  
 
Lignocellulosic Biomass as Feedstock for Bioethanol 
Lignocellulose constitutes the non-edible structural part of a plant material. This 
type of biomass could cover a wide range of resources, which could be used to produce 
bioethanol for meeting the RFS2 goal of 36 billion gallons of renewable fuel.  
Table 1. Yield, cost and estimated ethanol yield of lignocellulosic biomass in U.S. [10, 
12-18] 
 
Biomass Yield (MT ha-1 year-1) Cost ($/dry ton) Ethanol yield (L ha-1) 
Corn stover 3 30 900 
Sugarcane bagasse 10 26 3000 
Switchgrass 9.4 44 2200-3500 
Poplar 5-20 35-102 1500–3400 
As shown in Table 1, the lignocellulosic biomass is particularly attractive as a 
feedstock because of its high yields (maximum production of dry matter per hectare), low 
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cost, compatibility with low-quality (low on nutrient) land that is available for growing 
energy crops and ethanol producing capability [9, 10]. Lignocellulosic biomass used in 
production of cellulosic ethanol requires less intensive cultivation, less use of fertilizer 
and pesticides than corn grain or sugar cane [11]. A study jointly done by U.S. 
Department of Agriculture and Energy, known as ‘Billion ton study’, shows that 1.18 
billion tons of non-grain biomass can be produced for making biofuels renewably every 
year [12].  
The principal categories of cellulosic biomass are waste biomass and dedicated 
energy crops. Waste biomass is produced from various industries as a low-value by 
product. For example, agriculture and forestry derived residues such as corn stover, 
bagasse, straw, husk, and wood chips, sawdust, waste papers, respectively. U.S., 
especially the Midwest region, is recognized for its high corn yields and hence is the 
heartland of corn stover. It is suggested based on 1997-2000 average U.S. corn 
production that corn stover can be generated over 100 million MG if farmers managed 
their cornfields to produce harvestable grain and stover [19]. On the other hand, energy 
crops are purposely grown for manufacturing biofuels and bioenergy. Both herbaceous 
and woody biomass types can be produced for conversion into transportation fuels. 
Perennial grasses such as switchgrass and miscanthus are attractive choices for biofuel 
feedstock in U.S. as they have high annual production rates and require less tillage [14]. 
Woody biomass such as hybrid poplar, red oak, and loblolly pine can be cultivated at the 
rate of 3 to 5 years of rotation. The trees regenerate from the stump without any 
intervention and involve minimal loss of soil carbon in addition to requiring less nutrients 
and pesticides [10].  
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Deconstruction of Lignocellulosic Biomass to Biofuel Precursors 
Lignocellulosic biomass is composed of polymers of carbohydrates, cellulose and 
hemicellulose, constituting up to 70% of the mass, and lignin which accounts for 15-30% 
of the biomass [16]. Table 2 illustrates the contents of cellulose, hemicellulose and lignin 
in different types of lignocellulosic feedstocks. The most abundant component of biomass 
is cellulose and it is made up of D-Glucose units, as illustrated in Figure 5. These units 
are joined together by β-1,4-glycosidic bond. Cellulose serves as the major source of six 
carbon monomeric sugar, glucose, in biomass. Once cellulose is depolymerized and 
hydrolyzed to glucose, glucose can be converted into ethanol by fermentation.  
Table 2. Cellulose, hemicellulose and lignin content of lignocellulosic biomass [16]  
Biomass Cellulose (wt%) Hemicellulose (wt%) Lignin (wt%) 
Softwood 35-40 25-30 27-30 
Hardwood 45-50 20-25 20-25 
Wheat straw 33-40 20-25 15-20 
Switchgrass 30-50 10-40 5-20 
 
Hemicellulose is a heterogeneous polysaccharide in biomass. As shown in Figure 
6, it is composed of five carbon sugar polymers xylan and arabinan, and six carbon sugar 
polymers mainly mannan, galactan, rhamnan and glucan. Xylan is generally the largest 
portion of hemicellulose (approximately 80%) and the primary source of five carbon 
monosaccharide, xylose. Decomposition and hydrolysis of hemicellulose releases xylose 
as its main carbohydrate product which can be utilized by subsequent fermentation to 
produce ethanol by engineered microbes [20].  
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Figure 5. Cellulose structure with β-1,4-glycosidic bonds between D-Glucose units and 
hydrogen bonding between parallel chain (Source: Soliman, 2013, Open Access) [21] 
 
 
Figure 6. Hemicellulose structure with pentosan and hexosan (Laine, 2005) [22]  
Solubilized carbohydrate is a mixture of monosaccharides and oligosaccharides. 
When a polysaccharide is decomposed to carbohydrates having degree of 
depolymerization between 2-8, it is called an oligosaccharide. In absence of water in the 
reaction medium, these carbohydrates should be produced as anhydro-monosaccharides 
and anhydro-oligosaccharides. Upon hydrolysis with dilute acid, the solubilized 
carbohydrates can be easily converted to hexose and pentose sugar monomers, which 
could be subsequently fermented to ethanol as described above [23]. Some anhydrosugars 
e.g. levoglucosan and cellobiosan could be directly fermented to bioethanol as indicated 
by several recent studies [24, 25]. 
Challenges of Deconstructing Lignocellulosic Biomass  
Solubilized carbohydrates produced from deconstruction of lignocellulosic 
biomass can serve as the chemical intermediate to bioethanol production in a biorefinery. 
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However, these bioethanol precursors are not easy to produce from biomass. Unlike grain 
polysaccharides (e.g. starch and sugar cane), lignocellulose is more complex in structure 
making it highly resistant to chemicals and enzymatic processes. In starch, glucose units 
are connected by α-1,4-glycosidic bonds, which allows the polymer to take a bent shape 
and form a hollow helix [26]. Consequently, starch is an easily accessible polysaccharide 
molecule and can be disrupted by simple acid-catalyzed hydrolysis at 150-200 oC within 
seconds or minutes [4]. The presence of inflexible β-1,4-glycosidic bonds in cellulose 
allows the polymer to form a long and rigid straight chain that form fibrils between 
parallel chains via hydrogen bonding interactions (see Figure 5) [27]. Due to β-linkages, 
cellulose has a sturdy fiber-like architecture with a high tensile strength. Hydrogen 
bonding within cellulose is both intra- and intermolecular giving rise to a highly 
crystalline structure of cellulose [28]. Consequently, hydrolysis of cellulose by any 
chemical or biological means is challenging. 
Lignin acts as an impervious sheath to block access to cellulose and hemicellulose 
in biomass making lignocellulose inherently recalcitrant to any processing. It is a non-
sugar phenylpropanoid-based 3D complex polymer with high aromatization and large 
proportion of C-C and C-O-C bonds [29]. Lignin is connected to hemicellulose by ester 
linkages and usually high in content in primary cell wall as shown in Figure 7 [30]. The 
lignin layer is resistant to the attack of insects, enzymes and solvents, which makes it 
capable of protecting the structural polysaccharides of the plant from degradation. 
Release of cellulosic sugars is negatively influenced by the blockage of cellulose surface 
area by lignin [30, 31]. Hence, the ratio of cellulose to lignin in biomass is highly critical 
in the selection of feedstock for bioethanol production. Additionally, Figure 8 shows that 
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the barrier effect in secondary cell walls is largely due to hemicellulose. The 
heteropolysaccharide wraps around cellulose microfibrils by cross-linkages creating less 
exposure to cellulose surfaces. Hence, hemicellulose removal prior to cellulose 
conversion may be beneficial for sugar production from biomass. 
  
         
 
Figure 7. Distribution of lignocellulose in plant cell wall (Source: McMillan, 1994) [30] 
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Figure 8. Complex structure of lignocellulosic biomass (U.S. DOE, Bioenergy Research 
Centers: An Overview of the Science, 2018) [32] 
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Challenges of Biological Processing for Cellulosic Sugar Production 
Conventionally, lignocellulosic biomass is biologically processed for production 
of ethanol. This involves a pretreatment stage in which the biomass structure is opened 
up by mechanical and chemical treatment for the deconstruction step. In deconstruction 
step, enzymes can easily break down the polysaccharides of pretreated biomass to its 
constituent sugar units. Mechanical pretreatments include chipping, milling, and grinding 
to reduce the particle size biomass and decrease the crystallinity and degree of 
depolymerization of cellulose [33]. Chemical pretreatments may involve use of liquid hot 
water, steam explosion, ammonia fiber explosion, dilute acid, or organic solvent 
treatments [34]. Generally, the purpose of pretreatment is to increase accessibility to 
cellulose by removal of lignin and hemicellulose, enhance specific surface area or 
porosity of biomass for ease of enzymatic action, and reduce the rigidity of the crystalline 
structure of cellulose for increased rate of hydrolysis by enzymes [35].      
Enzymes act as catalysts to depolymerize and hydrolyze cellulose to glucose. This 
process is highly selective and can achieve up to 90% of glucose yields [36]. Enzymatic 
hydrolysis can be conducted at room temperature. For digestion of cellulose and 
hemicellulose, cellulase and hemicellulose, respectively, can be used to release glucose 
and xylose [37, 38]. 
Nevertheless, enzymatic process has certain limitations that might hinder its 
growth as an economical and sustainable technology in decades to come. As evident from 
Figure 9, the hydrolysis of pretreated biomass using enzyme progresses at a very slow 
rate with glucose yields surpassing 70% in days or a week [39]. In order to achieve an 
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increased the rate of enzymatic hydrolysis, the mass loading of enzyme with respect to 
carbohydrate substrate has to be increased. This is true for commonly applied dilute acid 
pretreatment and recently developed organic solvent based pretreatment methods as 
shown in Figure 9 (a) and (b). This creates a challenging barrier in developing enzymatic 
processes for biofuel production because the cost contribution of enzyme production 
could be as high as 20% of the total production cost of bioethanol [40]. It is estimated 
that enzymes might cost $1.47 per gallon of ethanol produced considering standard 
glucose yields of ~70% using 20 mg enzyme g-1 glucan [41]. The slow rates of 
bioconversion results in significantly low volumetric productivity of cellulosic sugars, 
which is adverse for large-scale production of biofuel. Additionally, catalytic activity of 
cellulose decomposing enzymes may suffer from end product inhibition by xylo-
oligomers, furans and phenolic compounds produced during biomass pretreatment [42, 
43]. Furthermore, biological processing requires substrate specific enzymes, sterilization 
of reaction medium, and complicated separation of catalyst [4].  
      
Figure 9. Glucose release with reaction time for (A) conversion of dilute acid pretreated 
corn stover using enzyme, (B) conversion of tetrahydrofuran/water pretreated corn stover 
using enzyme (Source: Nguyen et al., 2015) [39] 
30 mg/g cellulose 
15 mg/g cellulose 
  5 mg/g cellulose 
  2 mg/g cellulose 
15 mg/g cellulose 
  5 mg/g cellulose 
  2 mg/g cellulose 
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Thermochemical Processing for Production of Cellulosic Sugar  
Thermochemical processing of biomass offers several advantages over biological 
processes including fast rate of conversion, production of a range of liquid fuels, cheap 
catalysts, ease of catalyst separation (in solid phase), less severe or no pretreatment, no 
sterilization requirement, and simplicity of process design [4, 44]. 
Thermochemical processing breaks down lignocellulosic biomass by applying 
heat, chemicals and catalysts into liquid and gas as main fuels. The following types of 
thermochemical pathways could be used to convert biomass into ethanol. Solid biomass 
can be gasified at 750-1500 oC into syngas (CO2 and H2) and then converted to ethanol 
by fermentation of cleaned syngas [45]. Fast pyrolysis of lignocellulosic biomass at 400-
600 oC in absence of oxygen can generate a liquid (bio-oil) containing anhydrosugars 
derived from cellulose, which could be either directly fermented to ethanol or acid-
hydrolyzed to glucose and then upgraded to ethanol after detoxification [24, 44]. The 
above processes take only up to a few seconds to deconstruct lignocellulosic biomass and 
often do not require any catalyst for this step. However, there are several challenges 
associated with these thermochemical processes rendering them less suitable for 
cellulosic sugar production at industrial scale. 
The thermochemical pathways elucidated above often are not preferred for 
cellulosic ethanol production due to the following factors. The above high-temperature 
processes may generate a variety of small molecular weight liquid and gaseous products 
by completely valorizing the biomass feedstock. Thus the selectivity of fermentable 
sugars from biomass could often be low. This is particularly the case in fast pyrolysis in 
which biomass thermally depolymerizes to anhydrosugars and these carbohydrates are 
  
15 
recovered as products in the vapor phase. At high temperatures, monomeric sugars in the 
vapor phase may be converted to solid char through secondary repolymerization reactions 
or further dehydrate and decompose to light oxygenates [46-49]. During pyrolysis, 
presence of alkali and alkaline earth metals in biomass may inherently promote ring-
opening reactions instead of glycosidic bond cleavage to form anhydrosugars from 
cellulose. In fact, yield of levoglucosan, the anhydrosugar of glucose and a primary 
component of pyrolytic sugars obtained from cellulose, could only be enhanced by using 
acid infusion to neutralize the alkaline earth metals in biomass [50]. Furthermore, 
recovery of sugars is often difficult in the vapor phase because of high-boiling points of 
the anhydrosugars at atmospheric pressure. Additionally, the aforementioned 
thermochemical processes strictly require the feedstock to be dry (< 10 wt%) before 
entering the reactor, which is usually expensive and energy-intensive. 
Solvent Liquefaction for Production of Cellulosic Sugars  
Solvent liquefaction is drawing increasing attention as a promising thermochemical 
pathway for production of lignocellulosic sugar. If applied judiciously, this pathway has 
the potential of becoming a highly selective, economically competitive, robust and 
sustainable process for cellulosic sugar production. Solvent liquefaction may be broadly 
defined as the conversion of biomass or other carbonaceous feedstocks in the presence of 
a solvent into primarily liquid or solubilized products, gas and solids [51]. The 
advantages of solvent liquefaction process over common thermochemical and biological 
pathways are listed below. 
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• Solvent liquefaction enables processing of wet feedstock thus omitting the 
energy-intensive operation of drying the biomass feedstock  
• Solvents may be capable of catalyzing the depolymerization and hydrolysis 
reactions that govern fermentable carbohydrates production from biomass. 
• Solvent liquefaction uses only moderate temperatures (105-350 oC) with or 
without catalyst to rapidly deconstruct biomass (a few seconds to an hour) to 
solubilized carbohydrates. 
• It uses no enzymes or concentrated mineral acid or alkali as catalysts.  
• Product distribution can easily be tuned by choosing different solvent conditions, 
including the solvent itself, providing high flexibility to the process. 
• Reactants and products are diluted in a solvent medium where secondary 
reactions of the sugars can be significantly suppressed leading to a high selectivity 
to solubilized sugar production. 
• Alkali and alkaline earth metals in biomass can be dispersed in the solvents 
making them less effective as catalysts for destructing sugar products into light 
oxygenates. 
• The dilution by solvent allows easy recovery of carbohydrates as solubilized 
products without having to vaporize them. Additionally, a solubilized sugar titer 
can be directly delivered to the fermentation unit.  
The type of solvent employed as the reaction medium greatly influences the efficacy 
of biomass deconstruction and the product distribution. Figure 10 classifies different 
types of solvents commonly used for biomass processing.  
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Figure 10. Types of solvents used in biomass processing 
 
Biomass processing solvents can be broadly classified into two categories: 
organic and inorganic. Inorganic solvents can be further divided into two categories; 
aqueous and non-aqueous solvents. Non-aqueous solvents may include a wide range of 
concentrated acids and bases, and oxidizing agents. When water is used for 
thermochemical decomposition of biomass, the process is termed as hydrothermal 
liquefaction. Non-aqueous inorganic solvents include primarily concentrated acid, 
concentrated alkali, oxidative solvents and are used widely in pretreatment and 
fractionation of biomass. 
Organic solvents are widely employed in biomass conversion processes. These 
solvents can be further divided into three major categories; polar, non-polar, and ionic 
liquids. Polar solvents are defined as chemical compounds in liquid state with an electric 
dipole or multiple moment. Depending on the hydrogen atom donating capability, polar 
solvents bifurcate into two types. Solvents having a hydrogen atom attached to an oxygen 
(hydroxyl group) or a nitrogen (amine group) are called polar protic solvents. Solvents 
that lack any hydrogen attached to an electronegative atom (e.g. oxygen and nitrogen) are 
known as polar aprotic solvents. Usually, polar protic solvents are capable of accepting a 
Organic Inorganic
Polar Non-Polar Ionic
ProticAprotic
Solvents
Water Non-Aqueous
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hydrogen bond due to presence of a lone pair of electrons and can donate hydrogen or 
participate in hydrogen bonding due to presence of an acidic proton. Alcohols and 
carboxylic acids are strongly polar protic solvents.  Commonly used protic solvents in 
biomass conversion processes include methanol, ethanol, isopropanol and formic acid.  
Polar aprotic solvents can accept a hydrogen bond through lone pair electron, but 
are unable to donate any acidic protons and form hydrogen bonding. Biomass conversion 
in various polar aprotic solvents such as acetone, tetrahydrofuran (THF), acetonitrile, 1,4-
Dioxane, ethyl acetate, dimethylformamide (DMF), dimethylsulfoxide (DMSO), 
sulfolane, γ-valerolactone (GVL) is prevalent in literature.  
Non-polar solvents have a negligible electric dipole or multiple moment. This 
type of solvent does not possess or accept any acidic proton or create a hydrogen bond 
with another molecule. For example, most hydrocarbon solvents are non-polar in nature 
such as hexane, toluene, xylene, and tetralin. Generally, non-polar solvents are 
immiscible with strongly polar compounds and can dissolve non-polar chemicals better. 
Ionic liquids (IL) are a special class of organic solvent that finds its widespread 
use in biomass pretreatment and conversion technologies. These are organic salts in 
liquid form used as solvating medium. The ions in IL are poorly coordinated, which 
contributes to their liquid state below 100 °C, even as low as room temperature [52]. IL 
have at least one ion with a delocalized charge and one organic component, which does 
not allow the formation of a stable crystal lattice [53]. There exists a range of exquisite 
properties that make ionic liquids attractive for biomass conversion. These properties 
encompass high solvation strength and solubility characteristics, strong coordination 
ability, high boiling point, low flammability, high thermal stability, and low 
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environmental impact [54]. IL can solvate a wide range of polar and non-polar 
compounds, and they exhibit high solubility towards the insoluble components of 
biomass such as cellulose and lignin. Most commonly investigated IL for biomass 
utilization are 1-ethyl-3-methylimidazolium chloride ([EMIM]Cl), 1-ethyl-3-
methylimidazolium acetate ([EMIM]oAc), 1-butyl-3-methylimidazolium chloride 
([BMIM]Cl), 1-butyl-4-methylpyridinium chloride, cholinium acetate ([Ch][OAc]), and 
cholinium lysinate ([Ch][Lys]) [55].  
Application of various types of solvents in biomass deconstruction targeted 
towards production of solubilized carbohydrates is summarized in Table 3.A critical 
review of the solvents used for solubilized production from lignocellulosic biomass is 
presented as the next topic of this chapter. 
One of the earliest examples of solvent liquefaction of cellulose is the use of 
concentrated sulfuric acid to hydrolyze linen. This process dates back to 1819 and was 
first demonstrated by Braconnot [56]. Later, dilute acid hydrolysis became more common 
to convert lignocellulosic biomass into fermentable sugars. Acid hydrolysis could achieve 
glucose and xylose yields as high as 50-83% in dilute acid [57-62] and 78-99% in 
concentered acid [55, 63-68] at low temperatures due to strong catalytic effect of mineral 
acid on depolymerization of biomass polysaccharides. However, the process was not 
highly industrialized due to the use of concentrated mineral acid, and its complex 
recovery and corrosive effects on reactor [69, 70].  
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Table 3. Major application of various types of solvents in lignocellulosic sugar productiona 
Conversion process 
and feedstock 
Solvent 
classification 
Solvent used Sugar yields Ref. 
 
Non-catalytic 
Hydrolysis 
 cellulose 
Inorganic Supercritical water C6 carbohydrates: 48-54% 78-82 
Acid-catalyzed 
Saccharification 
 cellulose  
 hemicellulose 
 lignocellulose 
Inorganic 
1.  
Dilute acid, 
Concentrated acid 
 
Glucose: 50-83%, 
Glucose: 80-99%, Xylose: 78-88% 
 
57-62 
55,63-68 
Solvent-assisted 
Saccharification 
 cellulose  
 hemicellulose 
 lignocellulose 
Ionic liquidb 
 
Polar aproticc 
[C4MIM]Cl,   
[EMIM]Cl 
GVL 
Glucose: 53-89%, Xylose: 71-88% 
Glucose: 65-69%, Xylose: 70-73% 
73,75 
23 
Depolymerization 
 cellulose 
Polar aproticd 1,4-Dioxane,      
acetone, sulfolane 
Levoglucosan: 35-39% 105-107 
Alkylation 
 cellulose 
 lignocellulose 
Polar protice 
 
Methanol, ethanol, 
ethylene glycol 
 
Methyl α- and β-D-glucosides, 
levoglucosan: 35-90%;  
Ethyl α- and β-D-glucosides: 63%; 
Ethylene glycol glucosides: 25% 
88-93 
a details of reaction condition and catalyst information is not provided 
b includes only acid-catalyzed conditions 
c includes only acid-catalyzed conditions 
d includes only non-catalytic conditions 
e includes non-catalytic and catalytic conditions  
21 
 
Ionic liquids have also been explored extensively as an excellent solvent for 
solubilizing cellulose in biomass and producing fermentable carbohydrates at temperatures as 
low as 105 oC [71]. The chlorine and acetate based imidazolium ionic liquids are reported to 
be highly effective solvents for decrystallization and dissolution of cellulose [54, 72]. Li et 
al. reported that 1-butyl-3-methylimidazolium ([C4MIM]Cl) with acid catalyst could 
dramatically increase hydrolysis rate of cellulose at 100 oC and produce high yields of 
glucose without pretreatment [73]. Binder demonstrated glucose yield of 89% from cellulose 
and 70-82% yields of glucose and xylose from untreated corn stover using acid-catalyzed 
[EMIM]Cl and water as co-solvents [74]. Rinaldi reported that conversion of cellulose in 
ionic liquid was also highly effective in presence of solid catalyst [75]. More recently, 
[C4MIM]Cl was used in switchgrass pretreatment and subsequent acid-catalyzed hydrolysis 
to produce high yields of glucose and xylose (53-88%) with efficient extraction of the sugars 
using alkaline solution [76]. However, being high boiling and expensive solvents, ionic 
liquids still require a quantitative recovery, which entails complicated and cost-intensive 
separation process in the biorefinery [77].  
Cellulose decomposition by non-catalytic hydrolysis was extensively studied in 
supercritical water [78-81]. Supercritical water dissolves cellulose easily due to its exquisite 
solubilization capability and results in an enhanced rate of hydrolysis producing glucose and 
other oligosaccharides at 48-54% yields [78-80]. Current research has raised critical concerns 
over the adverse effects of hot, pressurized water being employed as a solvent for biomass 
conversion. Use of supercritical water could associate high capital cost, as special material of 
construction is needed to build corrosion resistant reaction. This process also needs precise 
control over reaction time (0.05-10 sec) to achieve highest sugar yields thus requiring costly 
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equipment [78]. On the other hand, sub critical water is also not preferred for cellulosic sugar 
production. Water at its subcritical state encourages the formation of dehydration products of 
glucose, namely, 5-hydroxymethylfurfural (5-HMF), due to catalytic behavior of water in the 
range of 200-300 oC [81-83]. It has been further shown that 5-HMF and furfural, produced 
from acid-catalyzed dehydration of monosaccharides in water, can polymerize by 
condensation reactions to generate humin, which is an undesired water-insoluble by-product 
[84-86]. This results in decreased yield of solubilized products from biomass during solvent 
liquefaction [87].  
Polar solvents are also well known for their ability to convert biomass into solubilized 
sugars. Researchers have investigated various polar protic solvents for liquefaction of 
cellulose and woody biomass such as methanol, ethanol and ethylene glycol. They observed 
that these solvents generated methyl and ethyl α- and β-D-glucosides, ethylene glycol 
glucosides and alkylated oligosaccharides from cellulose by alcoholysis reaction [88-93]. 
Although the yields of alkylated carbohydrates were good, simplistic methods must be 
developed to convert these products to glucose. This limitation has restricted development of 
alkylation methods for cellulosic ethanol production. 
Recently, there has been a resurgent interest in exploring polar aprotic solvents for 
biomass saccharification processes for their unique physical, chemical properties and 
attractive process operability features. Polar aprotic solvents could significantly alter the 
chemical thermodynamic environment around biomass molecules creating a favorable 
reaction energetics for biomass deconstruction and release of solubilized sugars. Mellmer et 
al. [94] showed that GVL could drastically decrease the apparent activation energy of acid-
catalyzed hydrolysis of cellobiose, the structural unit of cellulose, and increase the rate of 
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glucose production as compared to pure water, as illustrated in Figure 11. This study also 
indicated that GVL shows higher apparent activation energy for secondary reactions for 
glucose, thus creating an overall favorable reaction energetics for selective production of 
monosaccharides from biomass.  
 
Figure 11. Acid-catalyzed cellobiose hydrolysis rate constant and apparent activation of 
hydrolysis as a function of GVL content in GVL-Water mixture (Mellmer, 2014) [94] 
A comparison of properties, costs and sustainability aspects of different polar aprotic 
solvents is given in Table 4. Many polar aprotic solvents are widely used in chemical 
industries and are relatively inexpensive compared to ionic liquids. Some aprotic solvents of 
low polarity (dielectric constant of 2.2-13.1) such as THF, 1,4-Dioxane, acetone, and ethyl 
acetate have considerably lower normal boiling points (56-101oC), which makes their 
recovery and recycle from sugar solution easier and less expensive than ionic liquids and 
GVL. Many of the polar aprotic solvents targeted for application in biomass processing such 
as GVL, acetone, THF, 1,4-Dioxane, could be potentially produced from biomass via 
catalytic conversion of monosaccharides. Many polar aprotic solvents e.g. 1,4-Dioxane, THF, 
acetone, ethyl acetate etc. also have relatively high threshold for Occupational Safety and 
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Health Administration Permissible Exposure Limit (OSHA PEL) and thus less toxic 
compared to many chlorinated, nitrogenated and sulfonated polar aprotic solvents such as 
methylene chloride, dimethyl formamide and dimethyl sulfoxide etc. Hence, polar aprotic 
solvents could be a competitive option for cellulosic sugar production due to its great benefits 
in terms process economics and sustainability.  
Table 4. Beneficial features of selected polar aprotic solvents for biomass saccharification  
Polar aprotic 
solvent 
Dielectric 
constanta 
[95-97] 
Normal 
boiling point 
(oC) [95]  
Costb 
($/Kg) 
Toxicity 
OSHA PEL 
(ppm) [98] 
Sustainability 
(biomass as source) 
[99-104] 
1,4-Dioxane 2.2 101 105 100 Potential 
Ethyl acetate 6.0 77 83 400 Potential 
THF 7.6 66 121 200 Potential 
MIBK 13.1 116 101 50 Potential 
Acetone 20.7 56 80 500 Potential 
Acetonitrile 35.9 82 153 40 Unknown 
GVL 36.5 207-208 524 Non-toxic Potential 
a presented for all solvents at 25oC 
b prices from Sigma-Aldrich 
Since mid-twentieth century, several researchers have reported that 1,4-Dioxane, 
sulfolane and acetone can be used to liquefy cellulose to generate high yields of levoglucosan 
without using catalysts [105-107]. However, the trailblazing work in lignocellulosic sugar 
production using polar aprotic solvents, led by a research team from University of 
Wisconsin, Madison, dates back to only 2014. In this work, Luterbacher et al. [23] 
demonstrated conversion of whole biomass (corn stover and maple wood) for the first time 
using GVL and water mixture with dilute sulfuric acid as catalyst to produce solubilized C6 
and C5 carbohydrates at 69 and 73% of theoretical yields, respectively, at 157-217 
oC in a 
flow through reactor within 2 h. However, the cost of GVL is still very high ($524/kg) and 
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thus this process demands high efficacy in solvent recovery process. Although Luterbacher et 
al. have proposed the use of liquid CO2 to recover GVL, the process is complicated and 
expensive due to use of several high-pressure liquid CO2 units in series [108]. Bai et al. [109] 
have produced solubilized monosaccharides from acid-infused switchgrass in a co-solvent of 
1,4-Dioxane and water at 300oC attaining a total yield of monomeric sugars up to 19.8 wt% 
based on the biomass fed. Oligosaccharides quantification for this process was not described 
in this work. Use of 1,4-Dioxane at 300oC under high pressure may not be suitable for cost-
effective scale up due to high capital cost. Moreover, separation of 1,4-Dioxane and aqueous 
solution of sugars could be highly challenging, especially considering the extreme close 
boiling points (differing by 1oC) of the co-solvents and their high miscibility at room 
temperature. 
Research Objectives 
Solvent liquefaction has the potential to emerge as a practical thermochemical 
alternative to enzymatic hydrolysis. However, the process of solvent liquefaction needs to be 
simplified with improved solvent recovery. Green and sustainable solvents that are effective 
at low to moderate temperatures in achieving high volumetric productivity of sugars with 
minimal acid catalysts and can be separated from sugar solution easily are highly desirable. 
This doctoral research addresses these important issues of solvent liquefaction with the goal 
of advancing commercial production of cellulosic ethanol.   
The dissertation has the following four research objectives.  
i) The first part of the research explores the effectiveness of a wide range of polar 
aprotic solvents in depolymerizing cellulose for production of solubilized 
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carbohydrates from cellulose at high temperature and pressure without employing 
any acid catalyst or co-solvents. This work is also aimed at determining the 
underlying effects of solvent properties on solubilized carbohydrate production in 
absence of any catalyst.  
ii) The second part is a study of acid-catalyzed depolymerization of cellulose in a 
wide range of polar aprotic solvents for enhanced sugar production. This work 
aims at evaluating the possibility of employing relatively low cost, biomass-
derived, easily recoverable aprotic solvents as alternatives to highly polar and 
high boiling solvents such as GVL for cellulosic sugar production by the use of 
acid catalyst. A comparative study on the rates of cellulose solubilization, sugar 
production and sugar degradation was undertaken to better understand the solvent 
effects on acid-catalyzed cellulose depolymerization. 
iii) The third part evaluates the factors influencing yield of solubilized carbohydrates 
from cellulose in a prospective low boiling solvent, 1,4-Dioxane. Use of dilute 
acid catalyst and co-solvent water were hypothesized to enable depolymerization 
at lower temperature and higher mass loading by enhanced solubilization of 
cellulose.  
iv) The fourth part of my dissertation attempts to develop a bench-scale solvent 
liquefaction process for converting woody biomass to fermentable carbohydrates. 
A low cost, readily separable, biomass-derived, relatively less toxic polar aprotic 
solvent, THF, was selected for this study. A mixture of THF, water and dilute 
sulfuric acid catalyst was employed to deconstruct biomass in two steps. The 
biomass first goes through a mild pretreatment step with the goal of partially 
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removing lignin and hemicellulose and leaving behind a cellulose-rich biomass 
that can be more easily deconstructed to solubilized, fermentable sugars in the 
subsequent solvent liquefaction step [39]. It is hypothesized that biomass structure 
opens up after pretreatment rendering the polysaccharides sufficiently exposed to 
the acid catalyst and solvents for a rapid depolymerization in solvent liquefaction 
operated at a higher temperature. A simple one-step distillation of THF from 
solubilized carbohydrate and other phenolic products was also attempted to 
separate the sugars in a water–soluble phase with high efficacy. 
References 
 
1. Shafiee, S. and E. Topal, When will fossil fuel reserves be diminished? Energy Policy, 
2009. 37(1): p. 181-189. 
2. Skinner, C.W., Measuring dependence on imported oil. Energy Information, 1995. 
3. Greene, D.L., Measuring energy security: Can the United States achieve oil 
independence? Energy Policy, 2010. 38(4): p. 1614-1621. 
4. Brown, R.C. and T.R. Brown, Biorenewable resources: engineering new products 
from agriculture. 2013: John Wiley & Sons. 
5. Al-Hasan, M., Effect of ethanol–unleaded gasoline blends on engine performance 
and exhaust emission. Energy Conversion and Management, 2003. 44(9): p. 1547-
1561. 
6. Anderson, J.E., et al., High octane number ethanol–gasoline blends: Quantifying the 
potential benefits in the United States. Fuel, 2012. 97: p. 585-594. 
7. Furey, R.L. and K.L. Perry, Composition and reactivity of fuel vapor emissions from 
gasoline-oxygenate blends. 1991, SAE Technical Paper. 
8. Wallner, T., S.A. Miers, and S. McConnell, A comparison of ethanol and butanol as 
oxygenates using a direct-injection, spark-ignition engine. Journal of Engineering for 
Gas Turbines and Power, 2009. 131(3): p. 032802. 
9. Simmons, B.A., D. Loque, and H.W. Blanch, Next-generation biomass feedstocks for 
biofuel production. Genome Biol, 2008. 9(12): p. 242. 
28 
 
10. Somerville, C., et al., Feedstocks for lignocellulosic biofuels. science, 2010. 
329(5993): p. 790-792. 
11. Hill, J., et al., Environmental, economic, and energetic costs and benefits of biodiesel 
and ethanol biofuels. Proceedings of the National Academy of Sciences, 2006. 
103(30): p. 11206-11210. 
12. Perlack, R.D., et al., Biomass as feedstock for a bioenergy and bioproducts industry: 
the technical feasibility of a billion-ton annual supply. 2005, DTIC Document. 
13. Graham, R.L., et al., Current and Potential U.S. Corn Stover Supplies. Agronomy 
Journal, 2007. 99(1): p. 1-11. 
14. Heaton, E.A., F.G. Dohleman, and S.P. Long, Meeting US biofuel goals with less 
land: the potential of Miscanthus. Global change biology, 2008. 14(9): p. 2000-2014. 
15. Macrelli, S., J. Mogensen, and G. Zacchi, Techno-economic evaluation of 2nd 
generation bioethanol production from sugar cane bagasse and leaves integrated 
with the sugar-based ethanol process. Biotechnology for Biofuels, 2012. 5(1): p. 22. 
16. McKendry, P., Energy production from biomass (part 1): overview of biomass. 
Bioresource technology, 2002. 83(1): p. 37-46. 
17. McLaughlin, S.B., et al., High-Value Renewable Energy from Prairie Grasses. 
Environmental Science & Technology, 2002. 36(10): p. 2122-2129. 
18. Walsh, M.E., U.S. bioenergy crop economic analyses: status and needs. Biomass and 
Bioenergy, 1998. 14(4): p. 341-350. 
19. Graham, R.L., et al., Current and potential US corn stover supplies. Agronomy 
Journal, 2007. 99(1): p. 1-11. 
20. Kuyper, M., et al., Minimal metabolic engineering of Saccharomyces cerevisiae for 
efficient anaerobic xylose fermentation: a proof of principle. FEMS Yeast Research, 
2004. 4(6): p. 655-664. 
21. Soliman, S.A., Y.A. El-Zawahry, and A.A. El-Mougith, Fungal biodegradation of 
agro-industrial waste. Edited by Theo van de Ven and John Kadla, 2013. 75. 
22. Laine, C., Structures of hemicelluloses and pectins in wood and pulp. 2005: Helsinki 
University of Technology. 
23. Luterbacher, J.S., et al., Nonenzymatic Sugar Production from Biomass Using 
Biomass-Derived gamma-Valerolactone. Science, 2014. 343(6168): p. 277-280. 
24. Chi, Z., et al., Overliming detoxification of pyrolytic sugar syrup for direct 
fermentation of levoglucosan to ethanol. Bioresource technology, 2013. 150: p. 220-
227. 
29 
 
25. Linger, J.G., et al., Conversion of levoglucosan and cellobiosan by Pseudomonas 
putida KT2440. Metabolic Engineering Communications, 2016. 3: p. 24-29. 
26. Tester, R.F., J. Karkalas, and X. Qi, Starch—composition, fine structure and 
architecture. Journal of Cereal Science, 2004. 39(2): p. 151-165. 
27. Jarvis, M., Chemistry - Cellulose stacks up. Nature, 2003. 426(6967): p. 611-612. 
28. Nishiyama, Y., P. Langan, and H. Chanzy, Crystal structure and hydrogen-bonding 
system in cellulose 1 beta from synchrotron X-ray and neutron fiber diffraction. 
Journal of the American Chemical Society, 2002. 124(31): p. 9074-9082. 
29. Akin, D.E., Plant cell wall aromatics: influence on degradation of biomass. Biofuels, 
Bioproducts and Biorefining, 2008. 2(4): p. 288-303. 
30. McMillan, J.D., Pretreatment of Lignocellulosic Biomass, in Enzymatic Conversion 
of Biomass for Fuels Production, M.E. Himmel, J.O. Baker, and R.P. Overend, 
Editors. 1994. p. 292-324. 
31. Himmel, M.E., et al., Advanced bioethanol production technologies: A perspective, in 
Fuels and Chemicals from Biomass, B.C. Saha and J. Woodward, Editors. 1997. p. 2-
45. 
32. Peters, N.K. U.S. Department of Energy Bioenergy Research Centers. DOE/SC–0191 
U.S. Department of Energy Office of Science 
(genomicscience.energy.gov/centers/brcbrochure.pdf), 2018. 
33. Palmowski, L. and J. Müller, Influence of the size reduction of organic waste on their 
anaerobic digestion. Water science and technology, 2000. 41(3): p. 155-162. 
34. Hendriks, A. and G. Zeeman, Pretreatments to enhance the digestibility of 
lignocellulosic biomass. Bioresource technology, 2009. 100(1): p. 10-18. 
35. Kumar, P., et al., Methods for pretreatment of lignocellulosic biomass for efficient 
hydrolysis and biofuel production. Industrial & engineering chemistry research, 2009. 
48(8): p. 3713-3729. 
36. Öhgren, K., et al., Effect of hemicellulose and lignin removal on enzymatic hydrolysis 
of steam pretreated corn stover. Bioresource technology, 2007. 98(13): p. 2503-2510. 
37. Zhang, Y.-H.P. and L.R. Lynd, Toward an aggregated understanding of enzymatic 
hydrolysis of cellulose: Noncomplexed cellulase systems. Biotechnology and 
Bioengineering, 2004. 88(7): p. 797-824. 
38. Gao, D., et al., Hemicellulases and auxiliary enzymes for improved conversion of 
lignocellulosic biomass to monosaccharides. Biotechnology for Biofuels, 2011. 4(1): 
p. 5. 
30 
 
39. Nguyen, T.Y., et al., Co‐ solvent Pretreatment Reduces Costly Enzyme Requirements 
for High Sugar and Ethanol Yields from Lignocellulosic Biomass. ChemSusChem, 
2015. 8(10): p. 1716-1725. 
40. Lynd, L.R., et al., How biotech can transform biofuels. Nature biotechnology, 2008. 
26(2): p. 169. 
41. Klein‐ Marcuschamer, D., et al., The challenge of enzyme cost in the production of 
lignocellulosic biofuels. Biotechnology and bioengineering, 2012. 109(4): p. 1083-
1087. 
42. Qing, Q., B. Yang, and C.E. Wyman, Xylooligomers are strong inhibitors of cellulose 
hydrolysis by enzymes. Bioresource technology, 2010. 101(24): p. 9624-9630. 
43. Kim, Y., et al., Soluble inhibitors/deactivators of cellulase enzymes from 
lignocellulosic biomass. Enzyme and Microbial Technology, 2011. 48(4): p. 408-415. 
44. Brown, R.C. and C. Stevens, Thermochemical Processing of Biomass: Conversion 
into Fuels, Chemicals and Power. 2011: Wiley. 
45. Munasinghe, P.C. and S.K. Khanal, Biomass-derived syngas fermentation into 
biofuels: opportunities and challenges. Bioresource technology, 2010. 101(13): p. 
5013-5022. 
46. Bai, X.L., P. Johnston, and R.C. Brown, An experimental study of the competing 
processes of evaporation and polymerization of levoglucosan in cellulose pyrolysis. 
Journal of Analytical and Applied Pyrolysis, 2013. 99: p. 130-136. 
47. Bai, X.L., et al., Role of levoglucosan physiochemistry in cellulose pyrolysis. Journal 
of Analytical and Applied Pyrolysis, 2013. 99: p. 58-65. 
48. Patwardhan, P.R., et al., Distinguishing primary and secondary reactions of cellulose 
pyrolysis. Bioresource Technology, 2011. 102(8): p. 5265-5269. 
49. Ronsse, F., et al., Secondary Reactions of Levoglucosan and Char in the Fast 
Pyrolysis of Cellulose. Environmental Progress & Sustainable Energy, 2012. 31(2): p. 
256-260. 
50. Kuzhiyil, N., et al., Pyrolytic Sugars from Cellulosic Biomass. Chemsuschem, 2012. 
5(11): p. 2228-2236. 
51. Behrendt, F., et al., Direct Liquefaction of Biomass. Chemical Engineering & 
Technology, 2008. 31(5): p. 667-677. 
52. Pinkert, A., et al., Ionic Liquids and Their Interaction with Cellulose. Chemical 
Reviews, 2009. 109(12): p. 6712-6728. 
31 
 
53. Wasserscheid, P. and W. Keim, Ionic liquids - New "solutions" for transition metal 
catalysis. Angewandte Chemie-International Edition, 2000. 39(21): p. 3772-3789. 
54. Zhu, S., et al., Dissolution of cellulose with ionic liquids and its application: a mini-
review. Green Chemistry, 2006. 8(4): p. 325-327. 
55. Shuai, L. and J. Luterbacher, Organic solvent effects in biomass conversion reactions. 
ChemSusChem, 2016. 9(2): p. 133-155. 
56. Braconnot, H., Memoir on the conversion of wood particles in rubber, in sugar, and 
in a special natural acid, by means of sulfuric acid; conversion of the same woody 
substance in ulmin by potash (Translated from French). Ann Chim Phys, 1819. 12: p. 
172-195. 
57. Fagan, R.D., et al., Kinetics of the acid hydrolysis of cellulose found in paper refuse. 
Environ. Sci. Technol., 1971. 5(6): p. 545-547. 
58. Franzidis, J.-P., A. Porteous, and J. Anderson, The acid hydrolysis of cellulose in 
refuse in a continuous reactor. Conservation & Recycling, 1982. 5(4): p. 215-225. 
59. Harris, J.F., Two-stage dilute sulfuric acid hydrolysis of wood. 1985. 
60. Lenihan, P., et al., Dilute acid hydrolysis of lignocellulosic biomass. Chemical 
Engineering Journal, 2010. 156(2): p. 395-403. 
61. Malester, I.A., M. Green, and G. Shelef, Kinetics of dilute acid hydrolysis of cellulose 
originating from municipal solid wastes. Ind. Eng. Chem. Res., 1992. 31(8): p. 1998-
2003. 
62. Saeman, J.F., Kinetics of Wood Saccharification - Hydrolysis of Cellulose and 
Decomposition of Sugars in Dilute Acid at High Temperature. Ind. Eng. Chem., 1945. 
37(1): p. 43-52. 
63. Bergius, F., Conversion of Wood To Carbohydrates. Ind. Eng. Chem., 1937. 29(3): p. 
247-253. 
64. Ioelovich, M., Study of cellulose interaction with concentrated solutions of sulfuric 
acid. ISRN Chemical Engineering, 2012. 2012. 
65. Liu, Z.-S., et al., Corn stover saccharification with concentrated sulfuric acid: effects 
of saccharification conditions on sugar recovery and by-product generation. 
Bioresource technology, 2012. 119: p. 224-233. 
66. Moe, S.T., et al., Saccharification of lignocellulosic biomass for biofuel and 
biorefinery applications–a renaissance for the concentrated acid hydrolysis? Energy 
Procedia, 2012. 20: p. 50-58. 
32 
 
67. Selke, S.M., et al., Chemicals from wood via HF. Industrial & Engineering Chemistry 
Product Research and Development, 1982. 21(1): p. 11-16. 
68. Wijaya, Y.P., et al., Comparative study on two-step concentrated acid hydrolysis for 
the extraction of sugars from lignocellulosic biomass. Bioresource technology, 2014. 
164: p. 221-231. 
69. Wright, J.D. and A.J. Power, Comparative technical evaluation of acid hydrolysis 
processes for conversion of cellulose to alcohol. 1986, Solar Energy Research Inst., 
Golden, CO (USA). 
70. Taherzadeh, M.J. and K. Karimi, Acid-Based Hydrolysis Processes for Ethanol from 
Lignocellulosic Materials: A Review. Bioresources, 2007. 2(3): p. 472-499. 
71. Swatloski, R.P., et al., Dissolution of cellose with ionic liquids. Journal of the 
American Chemical Society, 2002. 124(18): p. 4974-4975. 
72. Pinkert, A., et al., Ionic liquids and their interaction with cellulose. Chemical 
Reviews, 2009. 109(12): p. 6712-6728. 
73. Li, C. and Z.K. Zhao, Efficient Acid‐ Catalyzed Hydrolysis of Cellulose in Ionic 
Liquid. Advanced Synthesis & Catalysis, 2007. 349(11‐ 12): p. 1847-1850. 
74. Binder, J.B. and R.T. Raines, Fermentable sugars by chemical hydrolysis of biomass. 
Proceedings of the National Academy of Sciences of the United States of America, 
2010. 107(10): p. 4516-4521. 
75. Rinaldi, R., R. Palkovits, and F. Schüth, Depolymerization of cellulose using solid 
catalysts in ionic liquids. Angewandte Chemie International Edition, 2008. 47(42): p. 
8047-8050. 
76. Sun, N., et al., Production and extraction of sugars from switchgrass hydrolyzed in 
ionic liquids. Biotechnology for Biofuels, 2013. 6(1): p. 39. 
77. Sen, S.M., et al., Conversion of biomass to sugars via ionic liquid hydrolysis: process 
synthesis and economic evaluation. Biofuels Bioproducts & Biorefining-Biofpr, 
2012. 6(4): p. 444-452. 
78. Sasaki, M., et al., Dissolution and hydrolysis of cellulose in subcritical and 
supercritical water. Industrial & Engineering Chemistry Research, 2000. 39(8): p. 
2883-2890. 
79. Adschiri, T., et al., Noncatalytic Conversion of Cellulose in Supercritical and 
Subcritical Water. Journal of Chemical Engineering of Japan, 1993. 26(6): p. 676-
680. 
80. Saka, S. and T. Ueno, Chemical conversion of various celluloses to glucose and its 
derivatives in supercritical water. Cellulose, 1999. 6(3): p. 177-191. 
33 
 
81. Ehara, K. and S. Saka, Decomposition behavior of cellulose in supercritical water, 
subcritical water, and their combined treatments. Journal of Wood Science, 2005. 
51(2): p. 148-153. 
82. Sasaki, M., et al., Cellulose hydrolysis in subcritical and supercritical water. Journal 
of Supercritical Fluids, 1998. 13(1-3): p. 261-268. 
83. Meyer, C., et al., ASME steam tables: thermodynamic and transport properties of 
steam. American Society of Mechanical Engineers, New York, 1993. 
84. Gurbuz, E.I., et al., Conversion of Hemicellulose into Furfural Using Solid Acid 
Catalysts in gamma-Valerolactone. Angewandte Chemie-International Edition, 2013. 
52(4): p. 1270-1274. 
85. Mellmer, M.A., et al., Solvent Effects in Acid-Catalyzed Biomass Conversion 
Reactions. Angewandte Chemie International Edition, 2014. 53(44): p. 11872-11875. 
86. Alonso, D.M., et al., Direct conversion of cellulose to levulinic acid and gamma-
valerolactone using solid acid catalysts. Catalysis Science & Technology, 2013. 3(4): 
p. 927-931. 
87. Haverly, M.R., An experimental study on solvent liquefaction. 2016, Iowa State 
University. 
88. Ishikawa, Y. and S. Saka, Chemical conversion of cellulose as treated in supercritical 
methanol. Cellulose, 2001. 8(3): p. 189-195. 
89. Dora, S., et al., Effective catalytic conversion of cellulose into high yields of methyl 
glucosides over sulfonated carbon based catalyst. Bioresource Technology, 2012. 
120: p. 318-321. 
90. Deng, W., et al., Acid-catalysed direct transformation of cellulose into methyl 
glucosides in methanol at moderate temperatures. Chemical Communications, 2010. 
46(15): p. 2668-2670. 
91. Deng, W., et al., Direct transformation of cellulose into methyl and ethyl glucosides 
in methanol and ethanol media catalyzed by heteropolyacids. Catalysis today, 2011. 
164(1): p. 461-466. 
92. Yamada, T. and H. Ono, Characterization of the products resulting from ethylene 
glycol liquefaction of cellulose. Journal of wood science, 2001. 47(6): p. 458-464. 
93. Yamazaki, J., E. Minami, and S. Saka, Liquefaction of beech wood in various 
supercritical alcohols. J Wood Sci, 2006. 52(6): p. 527-532. 
94. Mellmer, M.A., et al., Effects of gamma-valerolactone in hydrolysis of lignocellulosic 
biomass to monosaccharides. Green Chemistry, 2014. 16(11): p. 4659-4662. 
34 
 
95. Haynes, W.M., CRC handbook of chemistry and physics. 2013: CRC press. 
96. Riddick, J.A., W.B. Bunger, and T.K. Sakano, Organic solvents: physical properties 
and methods of purification. 1986. 
97. Aparicio, S. and R. Alcalde, Characterization of two lactones in liquid phase: an 
experimental and computational approach. Physical Chemistry Chemical Physics, 
2009. 11(30): p. 6455-6467. 
98. Pohanish, R.P., Sittig's handbook of toxic and hazardous chemicals and carcinogens. 
2017: William Andrew. 
99. Alotaibi, M.A., E.F. Kozhevnikova, and I.V. Kozhevnikov, Efficient 
hydrodeoxygenation of biomass-derived ketones over bifunctional Pt-polyoxometalate 
catalyst. Chemical Communications, 2012. 48(57): p. 7194-7196. 
100. Christen, P., et al., Evaluation of four Candida utilis strains for biomass, acetic acid 
and ethyl acetate production from ethanol. Bioresource Technology, 1999. 68(2): p. 
193-195. 
101. Gallo, J.M.R., et al., Production and upgrading of 5-hydroxymethylfurfural using 
heterogeneous catalysts and biomass-derived solvents. Green Chem., 2013. 15(1): p. 
85-90. 
102. Haveren, J.v., E.L. Scott, and J. Sanders, Bulk chemicals from biomass. Biofuels, 
Bioproducts and Biorefining, 2008. 2(1): p. 41-57. 
103. Heuvelsland, A.J., Method for producing 1, 4-dioxane. 1988, Google Patent 
US4764626A: US. 
104. van der Wal, H., et al., Production of acetone, butanol, and ethanol from biomass of 
the green seaweed Ulva lactuca. Bioresource Technology, 2013. 128: p. 431-437. 
105. Bao, G., S. Shiro, and H. Wang, Cellulose decomposition behavior in hot-compressed 
aprotic solvents. Science in China Series B: Chemistry, 2008. 51(5): p. 479-486. 
106. Kawamoto, H., W. Hatanaka, and S. Saka, Thermochemical conversion of cellulose in 
polar solvent (sulfolane) into levoglucosan and other low molecular-weight 
substances. Journal of Analytical and Applied Pyrolysis, 2003. 70(2): p. 303-313. 
107. Koll, P. and J. Metzger, Thermal-Degradation of Cellulose and Chitin in Super-
Critical Acetone. Angewandte Chemie-International Edition in English, 1978. 17(10): 
p. 754-755. 
108. Han, J., et al., A lignocellulosic ethanol strategy via nonenzymatic sugar production: 
Process synthesis and analysis. Bioresource technology, 2015. 182: p. 258-266. 
35 
 
109. Bai, X.L., et al., The Influence of Alkali and Alkaline Earth Metals and the Role of 
Acid Pretreatments in Production of Sugars from Switchgrass Based on Solvent 
Liquefaction. Energy & Fuels, 2014. 28(2): p. 1111-1120. 
 
 
 
 
 
36 
 
CHAPTER 2.    PRODUCTION OF SOLUBILIZED CARBOHYDRATE FROM 
CELLULOSE USING NON-CATALYTIC, SUPERCRITICAL 
DEPOLYMERIZATION IN POLAR APROTIC SOLVENTS 
A published paper in Green Chemistry, September 2015  
Arpa Ghosh, Robert C. Brown, Xianglan Bai 
 
Abstract 
We report yields of solubilized and depolymerized carbohydrate from solvent 
processing of cellulose as high as 94% without use of catalysts. Cellulose was converted 
using a variety of polar aprotic solvents at supercritical conditions, including 1,4-
Dioxane, ethyl acetate, tetrahydrofuran, methyl iso-butyl ketone, acetone, acetonitrile, 
and γ-valerolactone. Maximum yield of solubilized products from cellulose, defined as 
both depolymerized carbohydrate and products of carbohydrate dehydration, was 72 to 
98% at 350 oC for reaction times of 8-16 min. In all cases solvents were recovered with 
high efficiency. Levoglucosan was the most prevalent solubilized carbohydrate product 
with yields reaching 41% and 34% in acetonitrile and γ-valerolactone, respectively. 
Levoglucosan yields increased with increasing polar solubility parameter, corresponding 
to decreasing activation energy for cellulose depolymerization.  
Introduction 
Development of alternative technologies based on renewable energy resources has 
proliferated in recent times to displace fossil fuels and petroleum-based chemicals. 
Lignocellulosic biomass has drawn attention as a sustainable feedstock for producing 
biobased renewable fuels and biochemicals [1]. Cellulose, the most abundant component 
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of lignocellulosic biomass, is a good source of fermentable sugars [2]. Currently, the 
most prominent pathway to depolymerize cellulose to sugars is enzymatic hydrolysis. 
Although this biochemical route has high selectivity for final products, the process has 
several drawbacks such as slow conversion rates, high cost of enzyme, and end-product 
inhibitions [3, 4]. Biomass depolymerization is slowed by the innate structural 
recalcitrance of cellulose. Cellulose is a three-dimensional cross-linked biopolymer of D-
Glucose units joined by -1,4-glycosidic bonds, which is intrinsically rigid [5]. 
Additionally, the intensive inter- and intra-molecular hydrogen bonding in cellulose gives 
rise to a rigid crystalline structure, which is highly resistant to enzymatic hydrolysis [6].  
Alternatively, it is possible to produce fermentable sugars through 
thermochemical conversion pathways, such as pyrolysis and solvent liquefaction (also 
known as solvolysis) [7]. If optimized, these technologies could be rapid, robust and 
economical approaches to convert biomass into solubilized carbohydrate at high yields. 
While glucose can be directly produced from cellulose in the presence of water, thermal 
depolymerization of cellulose in the absence of water usually produces levoglucosan 
(LG) as the main sugar monomer along with other anhydro-monosaccharides and 
anhydro-oligosaccharides. These anhydrosugars can be hydrolyzed to glucose and then 
fermented to ethanol or the anhydro-monosaccharides can be directly fermented to 
ethanol [8, 9]. Levoglucosan is an important precursor chemical in its own right, which 
can be used to synthesize pharmaceuticals and biodegradable plastics [10]. 
Solvent liquefaction is the depolymerization of biomass in the presence of a 
solvent. Reaction temperatures are normally in the range of 150 – 400 oC with system 
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pressure elevated to keep the solvent from boiling [11]. Solvent liquefaction of cellulose 
can be very selective depending upon the choice of the solvent and/or catalyst. Solvents 
can dissolve some of the indigenous mineral matter in biomass that suppresses sugar 
yields during thermal depolymerization of lignocellulose [12]. Moreover, unlike 
pyrolysis, solvent liquefaction is able to recover non-volatile sugars (i.e., solubilized 
poly- or oligosaccharides) as products. The dilution of sugar products in the solvent can 
also potentially reduce secondary reactions that decompose sugars. Solvent phase 
conversion makes processing of wet biomass possible, thus eliminating energy intensive 
drying of raw feedstock.  
Hydrolysis with highly concentrated acid could facilitate depolymerization of 
cellulose, but scaling up is challenging due to associated corrosive effects, handling 
hazards and complexity of acid recovery [13, 14]. Ionic liquids combined with 
homogenous or heterogeneous catalysts have also been explored because their exquisite 
solvation properties promote faster hydrolysis of cellulose [15, 16]. Nevertheless, the 
progress of this technology has been hindered because quantitative recovery and reuse (at 
least 98%) of these expensive solvents has not been solved [17]. Conversion of cellulose 
to solubilized carbohydrates also has been studied using hot and pressurized protic 
solvents [18-20]. Combinations of processing in supercritical and subcritical water has 
been employed to produce a hydrolyzed product [21]. Nevertheless, it has been reported 
that the presence of water may lower the activity of acid catalyst and also favor formation 
of undesired degradation products compared to other polar solvents [22-24]. The use of 
methanol leads to the formation of methylated oligosaccharides [25].  
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Solvolysis of biomass in polar aprotic solvents results in more desirable product 
distributions. For example, up to 38% of LG was produced when cellulose was treated 
with acetone [26], sulfolane [27], or 1,4-Dioxane [28]. However, no information about 
other products was reported in these studies. Luterbacher et al. [29] recently 
demonstrated high yields of solubilized carbohydrate from lignocellulosic biomass using 
γ-valerolactone in the presence of acid catalyst. In their study, biomass was converted in 
a continuous flow reactor at 157 – 217 oC. Yield of solubilized carbohydrate from 
cellulose was as high as 80%, but required times as long as 2 h because of the low 
reaction temperatures. Only 90% of GVL was recovered after the reaction since some of 
the solvent was consumed during the process.  
We have recently produced soluble sugar monomers by depolymerizing acid 
pretreated switchgrass in 1,4-Dioxane solution [12]. Despite relatively high reaction 
temperatures (300 – 350 ºC), the sugars were stable. Over 98% of the 1,4-Dioxane 
solvent was recovered after reaction. Yields of levoglucosan from cellulose were as high 
as 50% and oligosaccharides were not quantified. Other studies also showed that acid 
catalyzed aprotic solvents could produce dehydration products of cellulose such as 5-
hydroxymethylfurfural, furfural and levoglucosenone at high yields [30, 31]. 
While previous studies using various polar aprotic solvents suggest solvent 
liquefaction as an alternative to enzymatic hydrolysis for production of carbohydrates 
from lignocellulosic biomass, they either employed acid catalysts, heterogeneous 
catalysts or very long reaction times to achieve high yields of solubilized carbohydrates. 
Neither does the literature contain much information on the role of solvent properties on 
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cellulose conversion. The choice of solvent not only determines product distributions and 
yields, but also influences the thermal stability of products and the ease of recycling the 
solvent. In general, solvents with low boiling points and high thermal and chemical 
stability are preferred.  
The present work focuses on non-catalytic conversion of cellulose in polar aprotic 
solvents to produce solubilized carbohydrates, which are defined as the sum of 
monosaccharide, oligosaccharide and polysaccharide products that dissolve in the 
processing solvent. Although the absence of acid simplifies the process, reaction rates 
and product yields are expected to decrease, thus requiring operation at higher 
temperatures and pressures to avoid long reaction times. In the present study, cellulose 
was depolymerized in seven different polar aprotic solvents to understand the effect of 
solvent properties on the yields and distribution of the cellulose depolymerization 
products.  
Experimental Section 
Materials 
Microcrystalline cellulose with average particle size of 50 m was purchased 
from Sigma-Aldrich. Levoglucosan (purity > 99.6%), cellobiosan (purity > 98.6%) were 
obtained from Carbosynth, UK and 5-hydroxymethylfurfural (5-HMF, purity > 99%) and 
furfural (purity > 99%) from Sigma Aldrich. Glucose (purity > 99%) from Fisher 
Scientific and cellobiose (purity > 98%) from Acros Organics were procured. 
Maltotriose, maltotetraose and maltohexaose were obtained from MP Biomedicals. 
HPLC grade 1,4- Dioxane, ethyl acetate, tetrahydrofuran (THF), methyl iso-butyl ketone 
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(MIBK), acetone, acetonitrile, and γ-valerolactone (GVL) were purchased from Fisher 
Scientific. The above solvents were all submicron filtered. 
Solvent processing methodology  
Solvolysis experiments were performed in mini-reactors from Swagelok (316 SS) 
assemblies each consisting of one male connector (NPT type) and two sealed 3/8 inch 
caps. These reactors had total capacity of 2.5 mL. Microcrystalline cellulose in the 
amount of 10-100 mg was placed in a mini-reactor with 1.2 mL of aprotic solvent. The 
mini-reactors were tightly sealed and shaken for 1 h prior to reaction. A fluidized sand 
bath (Techne Industrial Bed 51) was used as the heating source. The heating bath was 
operated at 325 to 375 oC and reaction times were up to 20 min. Experiments were 
performed with 1,4-Dioxane, ethyl acetate, tetrahydrofuran (THF), methyl iso-butyl 
ketone (MIBK), acetone, acetonitrile, and γ-valerolactone (GVL) as solvent with each 
experiment performed two or three times with average results reported. The standard 
deviation was within 5% error from the mean for most of the solvents tested except for 
1,4-Dioxane, ethyl acetate and acetone (error slightly over 10%) probably because of 
evaporation of solvent during extraction process due to their high volatility or remaining 
solvent in solid residue. The heating rate of the reactor was 7 ºC s-1 and the reaction time 
measured from the time the reactor entered the preheated sand bath to the time it was 
removed and immersed in cold water. After one hour, the cooled reactor was opened for 
extraction of the liquid and solids contents of the reactor at room temperature. The liquid 
contents were transferred from the reactor using a pipette (Fisher Scientific) and the 
solids were collected at the bottom. Liquid fraction contained both the original solvent 
and solubilized products from cellulose depolymerization. This liquid fraction was 
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filtered using syringe-filters of pore size 0.45 μm. Solid residues were dried in an oven at 
50 oC overnight and weighed. Gas production was determined by weighing a reactor 
before and after venting non-condensable gases from the cooled reactor.  
The following definition was used to calculate the yield of solubilized products:  
Solubilized products yield (%) = (1 −
mass of solid residue + mass of gas produced
initial mass of cellulose
) ×  100   
                  (1) 
Analytical methods 
A Gas Chromatograph with Mass Spectrometer and Flame Ionization Detector 
(Agilent 7890B GC-MS/FID) was used to analyze the liquid fraction. The products in 
liquid fraction were first identified by MS and then quantified by FID. The gas 
chromatograph was equipped with two identical Phenomenex ZB 1701 (60 m x 0.250 
mm and 0.250 μm film thickness) capillary columns for separation of the products. One 
of these columns was connected to the MS while the other was connected to the FID. The 
injection port and FID back detector in the GC were held at 250 and 300 oC, respectively. 
Helium carrier gas flow was 1 mL min-1. Injection volume for analysis was 1 μL. The 
oven temperature of GC was ramped from 40 (3 min hold time) to 240 oC (4 min hold 
time) at a heating rate of 3 oC min-1. The instrument was quantitatively calibrated with 
LG, 5-HMF and furfural. 1,6-anhydro-β-D-glucofuranose (AGF) was quantified using 
LG as the standard.  
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The yield and selectivity of a particular solubilized product were calculated on 
carbon molar basis using the equations given below: 
Yield (%) = 
moles of carbon in the solubilized product
moles of carbon in initial feedstock
 ×  100    (2) 
Selectivity (%) = 
moles of carbon in the solubilized product
total moles of carbon in all solubilized products
 ×  100   (3) 
GC/MS non-detectable solubilized products, such as solubilized carbohydrates 
with degree of polymerization (DP) higher than 1, were characterized by molecular 
weight using Gel Filtration Chromatography (GFC). GFC analysis was conducted with a 
Dionex Ultimate 3000 series HPLC system using water as the eluent. The organic liquid 
fraction from solvolysis was diluted to 90% water content and then tested for GFC. Two 
columns of the type PL-aquagel-OH-20 5 μm were connected in series at 25 oC and DI 
water passed through as the mobile phase at 0.8 mL min-1. Refractive index was the basis 
of detection. Polyethylene glycol (PEG) was used as a standard to generate a calibration 
curve of the molecular weight distribution of the solubilized products relative to PEG. 
Identification of some of the solubilized products was done by comparing retention times 
of individual standards of LG, glucose, cellobiosan and cellobiose. To obtain more 
accurate molecular weight distributions and DP of the products, a calibration system was 
developed between the known molecular weights of the carbohydrates LG, cellobiosan, 
maltotriose, maltotetraose and maltohexaose and their relative molecular weights 
determined by PEG standard in GFC. Although malto-oligosaccharides from cellulose 
are not expected as products, these compounds show similar DP to their analogous cello-
oligosaccharides, thus justifying this molecular weight estimation for carbohydrates 
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produced from cellulose. The DP for the oligo- or polysaccharides was then determined 
by dividing this molecular weight by 162. The yield of solubilized carbohydrates was 
calculated according to:  
YSC = YSP - YF         (4) 
where YSC, YSP, and YSF are the yields of solubilized carbohydrates, solubilized products, 
and furans (5-HMF and furfural), respectively. 
 
Results and Discussion 
Effect of different polar aprotic solvents on cellulose depolymerization 
Solubilized carbohydrate production and conversion efficiency  
The evolution of solubilized monomeric products from cellulose is presented in 
Figure 1 for different solvents at 350 oC. For all solvents LG was the major solubilized 
monomeric product, achieving maximum yield within 8-16 min of reaction. The highest 
LG yield of 38% was achieved in acetonitrile followed by 34% in GVL. The lowest yield 
was 15% in 1,4-Dioxane.  For all solvents, the maximum yield of 5-HMF, the second 
most dominant solubilized monomeric product, reached maximum yield at nearly the 
same time as LG. The maximum yield of 5-HMF occurred in THF (9%) while the 
minimum yield occurred in acetonitrile (1%). Other solubilized co-products, furfural and 
1,6-anhydro-β-D-glucofuranose (AGF), showed a combined yield of less than 3% in all 
the solvents.  
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Figure 1. Carbon molar yields of GC/MS detectable solubilized products as a function of 
time for several polar aprotic solvents at 350 oC with 20 mg cellulose as feedstock (  LG; 
X 5-HMF;  Furfural;  AGF).   
 
Table 1 shows that all the polar aprotic solvents produced relatively high yields of 
solubilized products from cellulose in relatively short times. Overall, the yields of 
solubilized products at 350 ºC at the reaction time that achieved maximum LG yield were 
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in the range of 72-98% depending upon the solvent. Although treating cellulose in MIBK 
produced the highest solubilized products yield (98%), the same process in THF, acetone, 
GVL and acetonitrile also achieved impressive yields of solubilized products, exceeding 
90%. Even 1,4-Dioxane and ethyl acetate, which had the lowest optimum LG yields, 
resulted in yields of solubilized products above 72%.  The order of solubilized products 
yield in various solvents from low to high was 1,4-Dioxane  THF < acetone < Ethyl 
acetate < GVL  acetonitrile < MIBK.  Conversion rate of cellulose was estimated as the 
initial rate at which the unreacted cellulose decomposed. The order of conversion rate of 
cellulose from low to high was 1,4-Dioxane < THF < acetone < ethyl acetate < 
acetonitrile < GVL  < MIBK and ranged from 2.07 to 3.53 mol min-1 (Figure S4, 
Appendix A). 
 
Table 1 Solubilized products in different solvents (350 oC and 20 mg mass loading) 
 
Solvent 
Maximum 
LG yield (%) 
Time to reach 
maximum LG 
yield (min) 
Solubilized products 
yield at maximum LG 
yield (%) 
1,4-Dioxane 15 8 72 
Ethyl acetate 21 8 81 
THF 22 ~12 91 
MIBK 25 12 98 
Acetone 25 10 95 
GVL 34 8 93 
Acetonitrile 38 16 95 
 
The total mass balance of cellulose conversion at the condition of maximum LG 
yield is summarized in Figure 2 where solubilized products include solubilized 
carbohydrates (LG, AGF and solubilized carbohydrates with DP > 1) and other 
dehydration products (5-HMF and furfural). The solubilized products contained 
»
»
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significant amounts of solubilized carbohydrates with DP > 1, confirmed by GFC 
analysis, in addition to monomeric carbohydrates (the analysis will be discussed in detail 
in a later section). As shown in Table 2, solubilized carbohydrate yield from processing 
in acetonitrile and GVL reached 94 and 86%, respectively, compared to 63% for 1,4-
Dioxane. Furthermore, the selectivity of LG among the solubilized products was found to 
be in the range of 16-40%, depending upon the solvent. 
 
Figure 2. Product distribution of cellulose in different solvents reacted at 350 oC with 20 
mg mass loading of cellulose. The reaction times are varied for solvents and depend on 
the time to reach the maximum LG yield in each solvent (see Table 1). The yield of 
solubilized carbohydrate with DP > 1 is determined by subtracting the yields of GC/MS 
detectable monomers (LG, 5-HMF, furfural and 1,6-anhydro-β-D-glucofuranose (AGF)) 
from the yield of solubilized products.  
Stability of LG in different solvents is also compared in Table 2 using a 
degradation rate, defined as the slope of the LG yield curve with time after the point of its 
maximum yield. The order of decreasing LG stability is: 1,4-Dioxane > MIBK > THF > 
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acetone > acetonitrile > ethyl acetate > GVL. Although GVL and acetonitrile had 
comparable high yield of LG, GVL had degradation rate that was three times higher than 
acetonitrile.  
Table 2. Yields of solubilized carbohydrate, and selectivity of LG in solubilized products, 
both at the optimum condition for LG production, and also thermal stability of LG in 
different solvents (350 oC and 20 mg mass loading) 
Solvent 
Solubilized 
carbohydrate 
(%) 
Selectivity of 
LG in liquid 
(%) 
Degradation rate of LGa (mol min-1) 
1,4-Dioxane 63 16 0.063 
Ethyl acetate 72 26 0.250 
THF 81 28 0.159 
MIBK 91 25 0.098 
Acetone 89 26 0.207 
GVL 86 36 0.681 
Acetonitrile 94 40 0.216 
a: Calculated after maximum in LG yield  
 
Solvent recovery  
The recovery of solvent was quantified for acetonitrile, GVL and THF. For 
processing at 350 ºC solvent recovery was very high: 97% for acetonitrile, 98% for THF 
and 99% for GVL. Except for ethyl acetate and MIBK, other solvents also had high 
solvent recovery, as estimated by GC/MS peak areas for solvent decomposition products.   
Effect of reaction conditions  
The influence of reaction conditions was further evaluated for THF and 
acetonitrile as solvents. Acetonitrile and THF were chosen because they produced the 
highest LG and 5-HMF yields, respectively. Both of the solvents have low boiling points, 
easing their recovery. As shown in Figure 3 (a) and (b), higher temperatures facilitated 
the rate of reaction as evidenced by the shorter time to reach maximum LG yield. 
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Increasing temperature from 325 to 350 oC significantly enhanced the maximum LG 
yield for both acetonitrile and THF, but no further increase in LG yield was seen for 
temperature above 350 oC. The yield of 5-HMF in THF at 350 oC was marginally higher 
than at 325 oC. Further increases in temperature significantly reduced the yield of 5-HMF 
(Figure 3 (c)).  
    
Figure 3. Effect of temperature on product yields as a function of time for cellulose 
solvolysis with 20 mg mass loading of cellulose; (a) LG in acetonitrile, (b) LG in THF, 
(c) 5-HMF in THF (  325 oC;  350 oC;  375 oC). 
 
The effect of mass loading on the yields of major monomeric products was also 
studied for acetonitrile and THF. The optimal mass loadings were strongly dependent on 
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the choice of solvent as well as the reaction products studied. As shown in Figure 4 (a), 
maximum LG yield of 41% was obtained at 10 mg mass loading of cellulose in 
acetonitrile at 350 oC. An increase in mass loading of cellulose from 20 mg to 50 mg 
caused a reduction in LG yield from 38 to 12%. On the other hand, the optimum mass 
loading in THF to achieve maximum LG yield (24%) at 350 oC was 50 mg cellulose 
(Figure 4 (b)).  The increase in LG yield was accompanied by a decrease in 5-HMF yield 
from 9 to 7% for THF (Fig. 4 (c)).  
 
         
 
Figure 4. Effect of mass loading of cellulose on product yields as function of time for 
solvolysis at 350 oC (a) LG yield in acetonitrile; (b) LG yield in THF; (c) 5-HMF yield in 
THF (  10 mg loading;  20 mg loading;  50 mg loading;  100 mg loading). 
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It was further noted that optimal mass loading of cellulose varied by product. For 
example, the maximum LG yield for solvolysis in THF at 350 oC occurred at mass 
loading of 20 mg while maximum 5-HMF yield occurred at mass loading of 50 mg. 
Increasing the mass loading of cellulose up to 100 mg was detrimental to the production 
of both LG and 5-HMF possibly due to mass transfer limitation in the conversion process 
of cellulose.  
Understanding cellulose depolymerization in polar aprotic solvents 
Role of solubility parameter of the solvents on carbohydrate yields and selectivity 
In order to maximize the production of solubilized carbohydrates, it is important 
to identify solvent properties that play a role in enhancing the depolymerization of 
cellulose. High solubility or degree of interaction of cellulose with a solvent may 
contribute to faster reaction and higher degree of depolymerization [32]. The solubility 
parameter of a solvent compared to that of cellulose is potentially a good indicator of the 
degree of interaction between the two [33-35]. However, for the solvents evaluated in this 
study, the solubility parameters at ambient conditions were in the range of 17-26.3 
MPa1/2, significantly lower than the solubility parameter for cellulose (39.3 MPa1/2) (see 
𝛿𝑟𝑒𝑓 in Table S3, Appendix A) [33]. Despite these differences, the solvents showed 
excellent conversion of cellulose to solubilized products, ranging from 72 to 98% at 350 
oC.  At all reaction conditions tested, the aprotic polar solvents were operated above their 
critical points with the possible exception of GVL, for which critical point data is not 
available in the literature (see Table S1 and S2 in the Appendix A for details). The 
solubility parameter, which is a function of temperature and pressure, was estimated for 
the reaction conditions based on thermophysical properties of the solvents described in 
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the supplementary material (Table S4, Appendix A). At reaction conditions, the solubility 
parameters for all solvents investigated were estimated to be in the range of 25.7-33.8 
MPa1/2, which approaches the solubility parameter of cellulose (Table S5, Appendix A). 
This similarity is likely responsible for the high level of cellulose conversion to 
solubilized products even in the absence of catalyst.  
The three major components of solubility parameter are the dispersive solubility 
parameter, the polar solubility parameter and the hydrogen bonding solubility parameter 
[36]. Of these, only the polar solubility parameter, 𝛿𝑃, exhibited a wide variability among 
the solvents tested (Table S5, Appendix A). As shown in Figure 5 (a) and (b), the 
maximum yield of LG and its selectivity among solubilized products increased linearly 
with increasing solvent 𝛿𝑃. Although the maximum yields of 5-HMF did not correlate 
with the polar interaction parameter of the solvents, the ratio of 5-HMF to LG maximum 
yields decreased linearly with solvent polar solubility parameter (Figure 5 (c)), indicating 
that polarity of the solvent indirectly influences the selectivity of 5-HMF. These 
observations suggest that 𝛿𝑃 could be an important parameter in solvent selection. 
Activation energy for cellulose solvolysis in different solvents  
The activation energies of cellulose decomposition were calculated and compared 
for several of the solvents (see Table S6, Figure S1, S2, S3 in Appendix A). The 
activation energies for solvolysis in GVL, acetonitrile, and THF were 19.7, 20.23 and 
26.53 kcal mol-1, respectively. Activation energy for cellulose decomposition during 
pyrolysis above 300 oC was previously reported to be 45-60 kcal mol-1 [37-39]. Clearly, 
solvolysis in polar aprotic solvents substantially reduces the activation energy of 
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cellulose depolymerization. Thus, it seems likely that the higher polar solubility 
parameters of acetonitrile and GVL compared to THF (Table S5, Appendix A) contribute 
to their lower activation energies for cellulose depolymerization and, hence, enhanced 
LG yields.   
 
 
 
 
 
 
Figure 5. Correlation between the polar solubility parameter of the solvent and (a) 
maximum LG yield; (b) LG selectivity at maximum LG yield; and (c) yield ratio of 5-
HMF to LG at maximum LG yield for cellulose depolymerization at 350 oC using 20 mg 
cellulose loading.  
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Formation of solubilized carbohydrate as a function of solvent polarity  
Evolution of solubilized carbohydrate with DP > 1 was investigated using GFC 
analysis.  Figure 6 (a) and (b) show GFC chromatograms of solubilized products from 
solvent processing of cellulose in acetonitrile and THF, respectively, for selected reaction 
times.  
 
 
 
    
Figure 6. Molecular weight distribution of solubilized products from the solvolysis of 
cellulose at 350 oC for different reaction times in (a) Acetonitrile; (b) THF; (c) 
Comparison of acetonitrile and THF at 16 min and 12 min, respectively (Peak areas were 
normalized by the weight of solubilized products). 
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It can be seen that solubilized products gradually shifted to lower molecular 
weight with increasing reaction time. These high molecular weight species are 
undoubtedly anhydro oligo- and polysaccharides. In fact, the complete absence of 
monosaccharides and disaccharides (glucose and cellobiose) and the prevalence of 
anhydro-monosaccharides and disaccharides (LG and cellobiosan) support this 
supposition. As reaction progressed, the molecular weight of the anhydro polysaccharides 
(defined as DP > 10) decreased accompanied by an increase in LG and anhydro-
oligosaccharides (defined as 2 ≤ DP ≤ 10). For both acetonitrile and THF solvent, LG and 
anhydro-oligosaccharides (defined as 2 ≤ DP ≤ 10) were the major solubilized 
carbohydrates when LG yield reached maximum (Figure 6 (c)).  
Despite the aforementioned similarities, the product distributions of solubilized 
carbohydrates for acetonitrile and THF were distinct. For acetonitrile, the concentration 
of solubilized anhydro polysaccharides was low during the entire course of reaction 
(Figure 6 (a)). As time progressed, the LG peak increased rapidly whereas anhydro-
oligosaccharides gradually decreased. On the other hand, the solubilized products in THF 
contained much higher concentrations of anhydro polysaccharides with higher average 
DPs. Furthermore, the concentration of both LG and anhydro-oligosaccharides increased 
as anhydro polysaccharides decreased in THF as the reaction progressed (Figure 6 (b)). 
This suggests that depolymerization of anhydro poly- and oligosaccharides to LG 
proceeded more slowly in THF than in acetonitrile. This difference we attribute to the 
higher activation energy barrier for cellulose depolymerization when using a lower 
polarity solvent like THF compared to acetonitrile.  
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Scheme 1. Proposed depolymerization pathway of cellulose in aprotic polar solvents 
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previously shown in Figure 1, 5-HMF and furfural increased along with LG and reached 
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were simultaneously produced rather than 5-HMF and furfural being products of 
secondary decomposition of LG. In fact, neither 5-HMF nor furfural was produced when 
LG was reacted in THF and acetonitrile at 350 oC. These dehydration products could be 
produced from the non-reducing ends of anhydro poly- or oligosaccharides through well-
known ring-opening [40-42] fragmentation and rearrangement mechanisms. Based on 
these observations, we propose Scheme 1 for the depolymerization of cellulose in aprotic 
solvents. 
Conclusions 
We demonstrated that polar aprotic solvents at supercritical condition are capable 
of rapidly converting cellulose into solubilized and depolymerized carbohydrate without 
the use of catalysts. A wide range of polar aprotic solvents effectively deconstructed 
cellulose with maximum yields of solubilized products reaching 72-98% and maximum 
yields of solubilized carbohydrate reaching 63-94%. To our knowledge, this is the highest 
yield of solubilized carbohydrate reported for non-catalytic solvent processing of 
cellulose. These high yields are attributed to a close correspondence in solubility 
parameters for cellulose and the solvents at the elevated temperatures and pressures of the 
experiments. Levoglucosan was the major carbohydrate product with the highest 
maximum yield of 41% obtained using acetonitrile as solvent. Solvents with higher polar 
solubility parameters lowered the activation energies for cellulose depolymerization and 
promoted LG formation whereas anhydro polysaccharides and oligosaccharides were 
preferentially produced in solvents with lower polar solubility parameter.   
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CHAPTER 3.    SOLUBILIZED CARBOHYDRATES PRODUCTION BY ACID-
CATALYZED DEPOLYMERIZATION OF CELLULOSE IN POLAR APROTIC 
SOLVENTS 
A paper accepted for publication in ChemistrySelect, March 2018 
Arpa Ghosh, Xianglan Bai, Robert C. Brown 
 
Abstract 
This paper explores the effectiveness of several polar aprotic solvents, 
including1,4-Dioxane, ethyl acetate, tetrahydrofuran (THF), methyl iso-butyl ketone, 
acetone, acetonitrile, and γ-valerolactone (GVL), in depolymerizing cellulose into 
solubilized carbohydrates in the presence of acid catalyst.  Whereas the yields of 
solubilized carbohydrates were strongly dependent on the polar solubility parameters of 
solvents, the use of acid catalyst substantially eliminated differences in the yields for the 
various solvents, which were in the range of 83-97%.  The yields of levoglucosan and 
solubilized carbohydrates from cellulose in 1,4-Dioxane, THF, and acetone approached 
that of GVL, almost completely solubilizing cellulose within 1-7 min.  Low initial rates 
of levoglucosan degradation caused these low polarity, low boiling point solvents to 
exhibit high stability and competitive yields of the anhydrosugar compared to high 
polarity and high boiling solvent such as GVL. The ease of recovery of low polarity, low-
boiling solvents makes them attractive media for production of solubilized carbohydrates, 
which the use of acid catalyst makes possible.  
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Introduction 
The polysaccharides in lignocellulosic biomass can be converted into fermentable 
sugars for production of cellulosic biofuels or value-added chemicals [1]. A plethora of 
strategies have been explored to depolymerize cellulose [2-5]. Thermal depolymerization 
pathways have gained attention as a promising approach for converting cellulose into 
water-soluble mono- and oligo-saccharides and/or anhydrosugars [6, 7]. These 
anhydrosugars can be subsequently hydrolyzed to glucose, although it is also possible to 
directly ferment the most abundant anhydrosugars using microorganisms engineered for 
their utilization [8, 9]. 
Cellulose consists of D-Glucose units joined by β-glycosidic bonds. Extensive 
hydrogen bonding among cellulose chains produces a compact, crystalline structure 
resistance to enzymatic degradation. One approach to overcoming this recalcitrance is to 
use dilute acid pretreatment, which opens up the cellulose structure, making it more 
accessible to enzymes during subsequent enzymatic hydrolysis. The high cost of enzyme 
production, their slow reaction rates, and end product inhibition have been barriers to 
commercialization of this technology [10-12]. Concentrated acid hydrolysis to produce 
sugars from biomass was one of the earliest biomass conversion techniques [4, 13]. 
However, this process proved uneconomical due to the difficulty of recovering the acid 
along with its corrosive effects on reactors. Because of their excellent solubilization 
capability, ionic liquids with catalysts have been proposed to obtain high yields of sugars 
[14, 15]. Nevertheless, ionic liquids remain expensive and hence require a quantitative 
recovery process, which is complicated and expensive [16]. Pyrolysis, a relatively low-
cost, simple and rapid thermochemical process is also capable of recovering 
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anhydrosugars from polysaccharides. However, this process involves relatively severe 
thermal conditions (500-700 oC) and requires careful control to prevent sugar degradation 
reactions from occurring [17, 18].  
Solvent liquefaction has received growing attention as a pathway to cellulosic 
sugar production [19]. Solvent-mediated depolymerization employs relatively mild 
reaction conditions, usually between 150 and 400 oC, with or without catalyst. Solvent 
liquefaction converts polysaccharides into solubilized carbohydrates and suppresses 
secondary dehydration reactions by diluting products in the solvent phase, which are 
major advantages compared to fast pyrolysis [20].  
Cleavage of β-1,4-glycosidic bonds depolymerizes cellulose with the formation of 
glucose in the presence of water or its dehydrated form, levoglucosan, in non-aqueous 
systems [21, 22]. The depolymerization reaction rate can be accelerated with a 
homogeneous Brønsted acid such as sulfuric acid [23].  
Product distributions from solvent liquefaction of cellulose can be controlled 
through selection of solvent, catalyst and reaction conditions. Cellulose deconstruction 
can be classified broadly into two categories, depending upon the type of solvent: 
hydrolytic depolymerization or thermal depolymerization. Hydrolysis of cellulose into 
monosaccharides can occur under acid-catalyzed condition with water as a participant in 
the reaction. Other protic solvents such as methanol, ethanol and ethylene glycol can also 
produce monosaccharides by reactions similar to hydrolysis [24-26]. However, protic 
solvents form alkylated sugars, which cannot be directly upgraded into desired products 
without additional processing. On the other hand, aprotic solvents are chemically inert 
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media, allowing cellulose to thermally depolymerize into anhydrosaccharides, either 
catalyzed by an acid or the solvent itself [6, 22, 27, 28].  
Solvent liquefaction of cellulose under acid-catalyzed conditions has been 
extensively studied in sub-critical water [29-32]. Processing of cellulose in sub-critical 
water in the presence of mineral and organic acids facilitates dehydration of 
monosaccharides into 5-hydroxymethylfurfural, a precursor to water-insoluble polymer 
humin, which is usually considered a highly undesirable by-product of sugar production 
[33-37]. These dehydration reactions can dramatically reduce solubilized carbohydrate 
yields, especially as reaction time increases.  
Several researchers have suggested that polar aprotic solvents could serve as more 
efficient media for production of monomeric sugars through acid-catalyzed conversion of 
cellulose [7, 22, 38]. By creating favorable energetics, polar aprotic solvents can 
simultaneously accelerate the rate of hydrolysis to form monosaccharide from cellulose 
and suppress the rate of secondary dehydration reactions of the monosaccharides, thereby 
producing more desirable product distributions [38]. A wide variety of polar aprotic 
solvents, such as sulfolane, 1,4-Dioxane, acetone, γ-valerolactone and acetonitrile, 
exhibit high yields of solubilized sugars from cellulose as well as from whole 
lignocellulosic biomass [6, 7, 20, 22, 39].  
For solvent liquefaction to be applied at industrial scale, high sugar yields from 
biomass are imperative, which would be facilitated by a better understanding of the 
effects of different solvents on cellulose conversion to solubilized sugars. Most recent 
studies have focused on the unique behavior of polar aprotic solvents in acid-catalyzed 
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hydrolysis of cellulose [6, 38]. The effects of solvent properties on depolymerization of 
cellulose under acid-catalyzed conditions in absence of water have been little studied.  
Our previous work provides a detailed study of non-catalytic solvent liquefaction 
of cellulose in several polar aprotic solvents to reveal the direct impact of these solvents 
on the depolymerization of cellulose in absence of catalysts [6]. Cellulose rapidly 
decomposed to solubilized carbohydrates as the major product. Yields of major 
carbohydrate products, LG, and products including isomer of LG and furanic compounds 
were functions of reaction time. The maximum LG yield was attained at different 
reaction times (8-16 min) in various solvents at 350 oC. The maximum LG yields attained 
were between 15 and 38% without the use of catalysts. Solubilized carbohydrates 
including sugar monomers, LG and its isomer AGF, and solubilized anhydro-saccharides 
of DP>1 constituted the largest fraction of cellulosic products with a total yield of 63-
94% among various solvents. In this previous work, the low boiling point solvents such 
as 1,4-Dioxane, ethyl acetate, THF and acetone produced considerably lower LG yields 
compared to high boiling point solvent, GVL. For example, LG yield was as low as 15% 
in 1,4-Dioxane while it increased to over two folds in presence of GVL under the same 
reaction conditions. Differences among solvents were also evident for the production of 
total solubilized carbohydrates. It was further determined that solubilized carbohydrate 
production was positively correlated with the solvent polar solubility parameter, which 
was attributed to a lowering of apparent activation energy for cellulose decomposition in 
highly polar solvents.   
As shown in our previous work, the highest yields of levoglucosan from cellulose 
depolymerization were obtained with high polarity or high boiling solvents. However, the 
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low boiling points of low polarity solvents would be attractive in thermal deconstruction 
of biomass for the simplicity and low cost of their recovery.  Enhancing yields of 
levoglucosan will be important for improving the prospects for low polarity solvents, 
which might be achieved through the use of acid catalysts.   
This work explores the acid-catalyzed depolymerization of cellulose in a wide 
range of polar aprotic solvents to produce solubilized carbohydrates with the goal of 
increasing yields of levoglucosan. We hypothesize that small amounts of homogeneous 
acid catalyst can enhance cellulose depolymerization to levoglucosan without subsequent 
degradation to less desirable products, especially in low boiling and low polarity solvents. 
We further hypothesize that solvent properties have a strong influence on levoglucosan 
yield. Understanding the effect of solvent properties on acid-catalyzed cellulose 
depolymerization could help design effective strategies for maximizing sugar yields from 
biomass. This is turn might help in determining the applicability of low boiling point, low 
polarity solvents for cellulosic sugar production. 
Experimental Section 
Materials 
Microcrystalline cellulose (50 μm) was procured from Sigma Aldrich. 
Levoglucosan (LG, purity > 99.6%) and cellobiosan (purity > 98.7%) were purchased 
from Carbosynth, UK. Furfural (purity > 99%), levoglucosenone (LGO, purity > 99.2%), 
and 5-hydroxymethylfurfural (5-HMF, purity > 99%) were obtained from Sigma Aldrich. 
Cellobiose (purity > 98%) from Acros Organics and D-Glucose (purity > 99%) from 
Fisher Scientific were purchased. Polyethylene glycol standards were received from 
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Agilent Technologies. HPLC grade and submicron filtered solvents; 1,4-Dioxane, ethyl 
acetate, tetrahydrofuran (THF), methyl iso-butyl ketone (MIBK), acetone, acetonitrile, γ-
valerolactone (GVL), and methanol were all obtained from Fisher Scientific. 
Tetrabutylammonium hydroxide (TBAOH) and heptafluorobutyric acid were procured 
from Acros Organics and Thermo Scientific, respectively. Sulfuric acid (H2SO4, purity 
96.6 wt%) was purchased from Fisher Scientific. DI water (18.2 MΩ) was available at the 
site. 
Solvent processing methodology  
Mini-reactors assembled from Swagelok (316 SS) fittings were used for the 
solvent liquefaction experiments. Each reactor consisted of a 3/8-inch tube fitting union 
and two sealed plugs. A thermocouple was inserted inside the mini-reactor to record 
temperature of the reactor content. Total capacity of a reactor was 2.5 mL. In the reactor, 
20 mg of microcrystalline cellulose was added with 1.2 mL of solvent and 0.25-0.50 mM 
sulfuric acid. Solvents tested included 1,4-Dioxane, ethyl acetate, tetrahydrofuran (THF), 
methyl iso-butyl ketone (MIBK), acetone, acetonitrile, and γ-valerolactone (GVL). 
Normal boiling points and critical points of these solvents are given in Table S1, 
Appendix B for reference. The reactors were sealed and the contents shaken for 1 h 
before loading them in a pre-heated sand bath (Techne Industrial Bed 51) operated at 350 
oC for up to 15 min. Temperature profiles were obtained for solvents using a digital K 
type thermocouple. Initial linear heating rate of 5-7 ºC s-1 was observed for the range of 
solvents tested. The calculated pressures at reaction conditions inside reactor for each 
solvent system are provided in Table S2, Appendix B. The methodology for estimating 
reactor pressure is described elsewhere [6]. Reaction time was defined as the interval 
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between dropping the reactor into the preheated fluidized bed and immersing the reactor 
in water after recovering it from the bed. The cooled reactors were opened carefully to 
allow non-condensable gases to escape before extracting the liquid and solid contents of 
the reactor at room temperature. Liquid content of a reactor was transferred using a 1 mL 
pipette (Fisher Scientific) to a 15 mL centrifuge tube (Fisher Scientific) and the solids 
were extracted from the bottom of the tube using the same solvent used for reaction. The 
liquid fraction consisted of both the aprotic solvent and the solubilized products of 
solvent liquefaction. Filtration of the liquid fraction was conducted using syringe-filters 
(Whatman) of pore size 0.45 μm before analysis. Remaining solids were dried in an oven 
at 50oC overnight and weighed. Gas products were quantified as the difference in the 
mass of the reactor before and after venting non-condensable gases. The experiments 
were repeated two or three times to report averaged results. Standard error was within 
10% of the mean yields for all tests. 
The yield of solubilized products was defined as:  
Solubilized product yield, SP (%)  
 
    = (1 −
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑚𝑛𝑎𝑛𝑡 𝑠𝑜𝑙𝑖𝑑+𝑚𝑎𝑠𝑠 𝑜𝑓 𝑔𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘
) × 100%  
                       
                                    (1) 
Analytical methods 
A Gas Chromatograph with Mass Spectrometer and Flame Ionization Detector 
(Agilent 7890B GC-MS/FID) was employed to analyze the liquid fraction. The GC had 
two capillary columns of type Phenomenex ZB 1701 (60 m x 0.250 mm and 0.250 μm 
film thickness) for separating the products. The columns were individually connected to 
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the MS and FID. The back detector of FID and the injection port of GC were held at 250 
and 300oC, respectively. Flow rate of helium as carrier gas was 1 mL min-1 and 1 μL 
volume was used for injection. Temperature of the GC oven was raised from 40 (3 min 
hold) to 240 oC (4 min hold) at a heating rate of 3oC min-1. Quantitative calibration was 
performed in GC-FID with LG, LGO, 5-HMF, and furfural standards. Calibration of LG 
as standard was used for quantifying its isomer, 1,6-anhydro-β-D-glucofuranose (AGF).  
For detection of non-volatile carbohydrate compounds, D-glucose, cellobiosan 
and cellobiose, high performance liquid chromatography (HPLC) using a HyperREZ XP 
Carbohydrate H+ 8 μm (300 x 7.7 mm) column was employed. The flow rate of DI water 
effluent in HPLC column was 0.2 ml min-1 at 25 oC and 8 bar pressure. A refractive index 
(RI) detector was used for identification of sugars. For quantification, standards of D-
glucose, cellobiosan and cellobiose were used.  
Carboxylic acids were determined using Ion Chromatography (IC) with a Dionex 
ICS3000 column (Thermo Scientific, Sunnyvale, CA). The system was equipped with a 
conductivity detector and an Anion Micromembrane Suppressor AMMS-ICE300. A 5 
mM tetrabutylammonium hydroxide (TBAOH) solution was used as suppressor 
regenerant, which was delivered at 4-5 mL min-1. The eluent was 1.1 mM 
heptafluorobutyric acid with an IonPac ICE-AS1 4 x 50 mm guard column and IonPac 
ICE-AS1 4 x 250 mm analytical column with a flow rate of 0.120 mL min-1 at 19 oC. The 
software was Dionex Chromeleon version 6.8. Solvent liquefaction samples were 
prepared using 6 mL deionized water and 1.5 mL of HPLC grade methanol. The samples 
were filtered using Whatman 0.45 μm Glass Microfiber syringe filters.  
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The yield of any solubilized product from GC-FID and IC was determined from 
the equation presented below: 
Carbon molar yield (%) = 
𝐶𝑆𝑃
𝐶𝑖
 ×  100%                                  (2) 
where  
CSP = moles of carbon in solubilized product 
Ci = initial moles of carbon in cellulose as feedstock 
The molecular weight (MW) distribution of unidentifiable water-soluble 
carbohydrates was conducted using Gel Filtration Chromatography (GFC). A Dionex 
Ultimate 3000 series HPLC was used for GFC analysis with water as the eluent. For GFC 
analysis, liquid fractions from solvent liquefaction were diluted to 10 vol% by DI water. 
Two type PL-aquagel-OH-20 5 μm columns were joined in series in the HPLC system 
maintained at 25 oC. The mobile phase was DI water flowing at 0.8 mL min-1. Detection 
was based on refractive index. Polyethylene glycol standards were used to make a 
calibration curve for molecular weight distribution of solubilized carbohydrates with MW
³ 324 Da. Low molecular weight and common sugars were identified by comparing their 
retention times with that of  LG, D-Glucose, cellobiosan and cellobiose standards.  
Yield of solubilized carbohydrates was obtained from the equation below:  
SC (%) = SP (%) – SD (%)                                    (3) 
where SC, SP are yields of solubilized carbohydrates and solubilized products, 
respectively, and SD is the sum of yields of solubilized degradation products (LGO, 
furfural, 5-HMF). 
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Results and Discussion 
Product yields vs reaction time  
Time-series data were collected on yields of GC-MS detectable solubilized 
products from acid-catalyzed depolymerization of 20 mg samples of cellulose processed 
at 350 oC in the presence of 0.5 mM sulfuric acid catalyst. Carbon molar yields as a 
function of reaction time were determined for processing in all seven solvents. Figure 1 
illustrates the time series of several solubilized products for four representative solvents 
with and without acid catalyst (the non-catalytic data are reproduced from our previous 
work [6]). 1,4-Dioxane and THF represent low polarity solvents while acetonitrile and 
GVL represent high polarity solvents. Trends for the remaining solvents (ethyl acetate, 
MIBK and acetone), found in the Supplementary Material section of this paper (Figure 
S1, Appendix B), are nearly identical with those shown in Figure 1.  
Similar to the non-catalytic tests, acid-catalyzed solvent liquefaction of cellulose 
showed LG to be the major carbohydrate among the solubilized products. Its yield with 
time reached a maximum before falling off at longer reaction times for all solvents. 
However, these maxima occurred earlier for acid-catalyzed depolymerization reactions 
compared to their non-catalytic tests. The range of LG maxima decreased from 8-16 min 
to 1-7 min when 0.5 mM sulfuric acid was added as catalyst. This change was more 
prominent for high polarity solvents compared to low polarity solvents.  
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Figure 1. Carbon molar yields of GC/MS detectable solubilized products from 20 mg 
cellulose treated in polar aprotic solvents at 350 oC with 0.5 mM sulfuric acid.  LG,  
AGF,  5-HMF,  LGO, X Furfural where LG: Levoglucosan, AGF: 1,6-anhydro-β-D-
glucofuranose, 5-HMF: 5-Hydroxymethylfurfural, LGO: Levoglucosenone 
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Other solubilized products detected by GC-MS for acid-catalyzed solvent 
liquefaction of cellulose include mainly AGF, an isomer of LG, and degradation products 
such as LGO, furfural, and 5-HMF. Similar to LG, the yield of each of these solubilized 
products passed through a maximum before undergoing degradation reactions at longer 
reaction times (Figure 1). Similar to the behavior of LG, the maxima observed for these 
products were at different times in acid-catalyzed conditions compared to the maxima 
under non-catalytic conditions of the same solvent system. For example, while AGF 
maxima appeared at the same time as LG maxima (8-16 min) in the absence of catalyst, 
the maximum AGF yields occurred within 1-4 min in the presence of acid catalyst, which 
was shorter than the optimum time for LG production under acid-catalyzed conditions. 
Similarly, 5-HMF and furfural maxima also appeared before LG optima (at 1-10 min) in 
the presence of acid catalyst. LGO yield in many of the solvents in presence of acid 
reached its maximum at considerably shorter times (< 1 min) than the maxima for LG in 
those solvents. In fact, by the time LG reached its maximum in these solvents, LGO had 
not only reached its maximum but had diminished to nearly zero. This phenomenon 
might be the result of rapid dehydration of LGO into furfural in presence of the acid 
catalyst as reported in literature [27].  
Because of the additional analysis entailed, the time evolution of anhydro-
oligosaccharides and anhydro-monosaccharides from cellulose in the presence of acid 
was studied only for 1,4-Dioxane. As shown in the GFC spectra of Figure 2, anhydro-
oligosaccharides were prominent after only 0.5 min, the shortest reaction time that could 
be sampled.  After 1 min of reaction time, the highest molecular weight anhydro-
oligosaccharides essentially disappeared while a large amount of LG was evident. Very 
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little change in the spectra was evident after 1 min, suggesting no significant additional 
depolymerization of the remaining oligosaccharides or decomposition of the LG, in 
qualitative agreement with data for 1,4-Dioxane in presence of acid shown Fig. 1.   
 
Figure 2. Molecular weight distribution of water-soluble carbohydrates as determined by 
GFC for solubilized products from 10 mg cellulose in 1,4-Dioxane with 0.25 mM H2SO4 
at 350 oC for three different reaction times. Continuous line: 0.5 min; 1 min: long dashed 
line; 2 min: dotted line for 2 min.  LG: Levoglucosan. 
 
These results demonstrate the importance of collecting time resolved data from 
solvent liquefaction experiments to discern optimal operating times for maximum yields 
of solubilized carbohydrate. This approach to data collection was used in subsequent 
sections to understand cellulosic sugar production in various solvent systems. 
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Effect of catalyst on sugar production in polar aprotic solvents 
We hypothesized that acid-catalyzed depolymerization would augment the 
production rate of cellulosic sugar in solvent processes, especially solvents with low 
polarity.  As levoglucosan represents the monomeric end-product of thermal 
depolymerization of cellulose, it was used as a proxy in evaluating the effectiveness of 
various operating conditions. 
Carbohydrate products from primary acid-catalyzed depolymerization of cellulose 
The maximum LG yields in each solvent with and without acid catalyst were 
compared under identical operating conditions. As shown in Figure 3, cellulose 
depolymerization was significantly and in some cases dramatically increased by the 
addition of only 0.5 mM sulfuric acid to the solvents. The low boiling point solvents, 1,4-
Dioxane, THF and acetone showed the largest increases in LG yield, which increased 
from 15, 22 and 25%, respectively, in the absence of catalyst to 40, 43 and 38%, 
respectively, in the presence of catalyst. Acid catalyst was not nearly as effective in GVL 
and acetonitrile, with LG yield increasing from 33% and 36%, respectively, in the 
absence of catalyst to 40% to 42%, respectively, in the presence of catalyst. With two 
exceptions, acid catalyst raised LG yields of low boiling point solvents to levels 
comparable to the high boiling point solvents (the exceptions of ethyl acetate and MIBK 
are subsequently discussed). These results suggest that low boiling point solvents could 
replace high boiling solvents such as GVL in the production of cellulosic sugar 
production by use of dilute acid catalyst.  
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Figure 3. Effect of acid catalyst on LG yields from cellulose for seven polar aprotic 
solvents. Acid concentration used was 0.5 mM H2SO4 for each solvent system. Both non-
catalytic and acid-catalyzed reactions were performed at 350 oC using 20 mg cellulose 
loading in 1.2 mL of total solvent. LG yields shown here are the maximums obtained in 
each solvent system at the above reaction conditions. In absence of acid catalyst ( ); with 
0.5 mM sulfuric acid ( ). LG: levoglucosan. 
 
Table 1 summarizes the outcomes of solubilized carbohydrates production in 
acid-catalyzed solvents. The major fraction of the solubilized products was solubilized 
carbohydrates, which was a combination of carbohydrate monomers (LG, AGF) and 
anhydro-oligosaccharides. It is important to note that ethyl acetate and MIBK showed 
significantly lower LG yields (18-26%) in presence of acid. This behavior is attributed to 
increased secondary reactions of LG in the presence of high amounts of organic acids 
produced from the catalytic decomposition of ethyl acetate. In support of this argument, 
IC analysis of the solvents (Table S3, Appendix B) shows that carboxylic acids originated 
from ethyl acetate at considerably high concentrations when treated alone. It was noted 
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that MIBK alone did not produce high amount of organic acids but it produced many low 
molecular weight compounds unlike any other solvents possibly due to acid-catalyzed 
decomposition reactions. This was evident from GC-MS chromatogram of products 
formed during individual treatment of MIBK at 350 oC with sulfuric acid. The following 
discussion thus excludes ethyl acetate and MIBK results and focus on rest of the solvents 
for more accurate representation of solubilized carbohydrate production from cellulose 
via acid-catalyzed reaction. 
LG yields were between 38 to 43% among most of the polar aprotic solvents 
treated with 0.5 mM sulfuric acid at 350 C. While LG was the main monomer product of 
cellulose depolymerization, AGF was generated from isomerization of LG and hence was 
considered a product of secondary reaction of LG in the process of acid-catalyzed solvent 
liquefaction of cellulose [40-42]. Acid-catalyzed depolymerization of cellulose produced 
AGF in a close range of 10-14% for most of the solvents. No glucose or cellobiose was 
detected among the products of acid-catalyzed solvent liquefaction by HPLC, indicating 
that anhydrosugars were not hydrolyzed as a secondary reaction. 
The presence of water-soluble anhydro-oligosaccharides was verified by GFC 
analysis as shown in Figure S2 in Appendix B for representative high polarity (e.g., GVL 
and acetonitrile) and low polarity (e.g., THF and 1,4-Dioxane) solvents. Acid catalyst in 
general improved the yield of total solubilized carbohydrate for most of the solvents 
under non-catalytic conditions. For instance, acid catalyst increased the yield of 
solubilized carbohydrates for the solvents tested from 63-94% to 83-97%. The low 
boiling point solvents 1,4-Dioxane and THF had the largest yield enhancements with 
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acid-catalyzed yields in the range of high boiling point solvents GVL and acetonitrile 
(91-97%) [6]. Table 1 shows that the acid-catalyzed yields of anhydro-oligosaccharides 
(DP>1) were in the range of 39-48% for 1,4-Dioxane, THF, GVL and acetonitrile while 
yields in the absence of acid catalyst were 48-58%.  
Table 1. Maximum yields of major carbohydrate products from acid-catalyzed cellulose 
solvent liquefactiona  
Solvent Optimum 
reaction time for 
LG yieldb (min) 
LG 
(%) 
AGF 
(%) 
Anhydro-
oligosaccharidesc 
(%) 
SCd, e 
(%) 
1,4-Dioxane 4 40 11 40 93 
Ethyl acetate 5 26 9 59 65 
THF 7 43 10 41 95 
MIBK 7 18 7 58 95 
Acetone 2 38 11 42 83 
GVL 1 40 14 48 97 
Acetonitrile 2 42 11 39 91 
a Reaction condition: 350 oC with 20 mg cellulose with 0.5 mM of sulfuric acid as 
catalyst.  
b Optimum refers to the reaction time when LG yield reaches its maximum. 
c Yields of anhydro-oligosaccharides with DP > 1 were determined by subtracting yields 
of LG and AGF from the yield of solubilized carbohydrates at each time point and the 
maximum yield with respect to reaction time are reported here  
d SC is solubilized carbohydrates yields determined at the optimum reaction time when 
LG yield reached its maximum. 
e Includes LG, AGF, solubilized anhydro-oligosaccharides of DP>1 derived from 
Equation (3). LG: levoglucosan, AGF: 1,6-anhydro-β-D-glucofuranose. 
 
It was further noted that acid-catalyzed yields of anhydro-oligosaccharides in low 
polarity, low boiling solvents differed from those in high polarity, high boiling solvents 
by 23%. The difference in yields for these two groups of solvents in the absence of acid 
catalyst was about the same - 20%. Clearly, the difference in the yields of anhydro-
oligosaccharides for these two kinds of solvents did not alter significantly whether or not 
acid catalyst was added to the system. This in turn indicates that equalizing effect of 
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solubilized carbohydrates among the aforementioned solvents could not be due to 
changes in anhydro-oligosaccharides yields upon addition of acid catalyst. Rather, the 
equalization effect must be attributed to the equalization of LG yields in the solvents 
under acid-catalyzed conditions.  
Products of secondary reactions from acid-catalyzed depolymerization of cellulose 
Solubilized products of secondary reactions from acid-catalyzed solvent 
liquefaction consisted of both carbohydrate and degradation products. The carbohydrate 
product of secondary reaction was AGF while degradation products included LGO, 
furfural, and 5-HMF. The maximum yields of the above products for each solvent 
evaluated are listed in Table 2. Ethyl acetate, MIBK and acetone showed higher amounts 
of products of secondary reactions as evident from Table 2. AGF, which is a 
carbohydrate monomer, could also be termed as a product of secondary reaction in acid-
catalyzed depolymerization of cellulose because it was produced as an isomer of LG. 
Trace amounts of organic acids (< 0.5% total yields) were also found in the solubilized 
products from cellulose depolymerization, which were also products of secondary 
reaction. Solid residue constituting 7-14% of products and a small amount of non-
condensable gases were also produced. 
Significantly less degradation products were formed compared to the sum of LG, 
AGF and solubilized anhydro-oligosaccharides throughout the total period of reaction for 
most of the solvents. This indicates that acid-catalyzed depolymerization of cellulose is 
highly selective for production of solubilized carbohydrates at 350 oC. For the non-
monotonic dependence of product yields on time, the selectivity of LG over the range of 
monomeric products (AGF, LGO, furfural, 5-HMF) derived by secondary reactions also 
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was measured with the progress of reaction time. LG selectivity in 1,4-Dioxane and THF 
at maximum yields reached 81% and 80%, respectively, which was comparable to high 
boiling point solvents GVL (79%) and acetonitrile (84%).  
Table 2. Maximum yields of products of secondary reactions in acid-catalyzed cellulose 
solvent liquefactiona, b  
Solvent AGF (%) LGO (%) Furfural (%) 5-HMF (%) LG Selectivityc (%) 
1,4-Dioxane 11 6 1 1 81 
Ethyl acetate 9 11 2 7 78 
THF 10 6 1 1 80 
MIBK 7 9 1 6 76 
Acetone 11 6 12 6 65 
GVL 14 8 2 1 79 
Acetonitrile 11 1 1 1 84 
a Reaction condition: 350 oC with 20 mg cellulose and 0.5 mM H2SO4 
b Determined at the maximum of each product with respect to reaction time 
c Selectivity was based on ratio of carbon molar yield of LG to the sum of yields of LG, 
AGF, LGO, furfural and 5-HMF.   
LG: Levoglucosan, AGF: 1,6-anhydro-β-D-glucofuranose, 5-HMF: 5-
Hydroxymethylfurfural, LGO: Levoglucosenone 
 
Figure 1 indicates that the yield of LG eventually decreased with increasing time 
for reaction in acetonitrile and GVL while yields of AGF, 5-HMF and furfural remained 
essentially constant. A few low molecular weight products began to appear beyond the 
time of maximum LG yield under acid-catalyzed solvent liquefaction. It seems likely that 
these were secondary products from the decomposition of levoglucosan, but definitive 
conclusions cannot be drawn at this time. 
Effect of polar solubility parameter of solvent on maximum LG yield  
As aprotic solvents serve as inherently chemically inert mediums for the reaction, 
we hypothesized that physical properties are responsible for differences in 
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depolymerization behavior observed among the solvents. This section offers a detailed 
discussion on the relationship between solvent properties and the degree of cellulose 
solubilization, depolymerization to levoglucosan and secondary reactions of levoglucosan 
with the goal of understanding solvent effects on production of solubilized carbohydrates 
from cellulose.  
Since LG was a major monomeric product of cellulose depolymerization and was 
easy to measure, it was used as a proxy for the extent of depolymerization of cellulose. 
Additionally, as indicated earlier, the effect of adding acid catalyst was mostly realized in 
the change of LG yields and not other carbohydrate products of primary 
depolymerization reaction of cellulose. In solution thermodynamics, the solubility 
parameter is used to determine the extent of interaction of a solvent with a polymer. Total 
solubility parameter is composed of polar, dispersive, and hydrogen bonding solubility 
parameters, each representing an interaction energy density between the solvent and the 
polymer [43, 44]. Unlike polar solubility parameter, the dispersive and hydrogen bonding 
interaction parameters for the several solvents were found to be very close to one another 
at the reaction conditions used in this work (Table S4, Appendix B). Thus, differences in 
cellulose depolymerization observed for the various solvents were attributed solely to the 
polar solubility parameter. Maximum LG yields at 350 oC for the solvents (except MIBK 
and ethyl acetate) with and without acid catalyst were plotted against the polar solubility 
parameter in Figure 4.  
We previously reported that LG yields from non-catalytic depolymerization of 
cellulose were linearly dependent on polar solubility parameter of the solvent [6]. In the 
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presence of catalyst, LG yields were almost independent of polar solubility parameter 
with yields enhanced to levels slightly higher than achieved during non-catalytic solvent 
liquefaction in solvents with the highest polar solubility parameters (GVL and 
acetonitrile). That is, use of an acid catalyst increases flexibility in choice of solvent for 
depolymerization of cellulose. 
 
 
Figure 4. Levoglucosan yield vs polar solubility parameter for solvent liquefaction of 20 
mg cellulose in absence of acid catalyst (   ) and with 0.5 mM H2SO4 acid catalyst (  ) at 
350 oC. Yields are the maxima obtained for each solvent system. LG: levoglucosan  
 
Effect of solvent polarity on yield and rate of solubilized products  
The yields of solubilized product (both from primary and secondary reactions) 
from acid-catalyzed solvent liquefaction of cellulose are given in Table 3. Yields 
increased from 72% to 92% in 1,4-Dioxane and from 91% to 93% in THF by adding acid 
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catalyst at 350 oC. On the other hand, yields of solubilized products from processing 
cellulose in acetone, GVL and acetonitrile, which were already high without catalyst, 
showed either no change or a small decrease in yields in the presence of acid catalyst. 
Overall, the acid-catalyzed yields of solubilized products for low and high polarity 
solvents were comparable in the range of 86-93% in contrast to the large disparity in 
yields among solvents in the absence of catalyst.  
To investigate initial rates of acid-catalyzed cellulose solubilization, time-
resolved data was collected on solubilized products (which includes both products of 
primary and secondary reactions) and solid residue for each solvent (Figure S3, Appendix 
B). These rates were compared to rates obtained in a previous study for non-catalytic 
solubilization of cellulose in the same solvents [6]. Table 3 lists the initial rates of 
solubilization of cellulose for each solvent system with and without acid catalyst.  
As evident from Table 3, cellulose solubilization occurred at significantly 
accelerated rates in acid-catalyzed solvent media compared to their non-catalytic 
counterparts. With only 0.5 mM sulfuric acid concentration in the various solvents tested, 
the rate of cellulose solubilization increased from 2.07-3.53 mg min-1 to 7.58-9.09 mg 
min-1. In the absence of acid catalyst, cellulose solubilized at 53% higher rate in high 
polarity solvents compared to low polarity solvents. However, addition of acid catalyst 
reduced this difference to only 10%.  
In the absence of catalyst, the high polarity solvents acetonitrile and GVL 
solubilized cellulose at higher rates and produced higher yields of solubilized products 
than solvents of lower polarity. This was accompanied by an enhanced production of LG 
in acetonitrile and GVL compared to low polarity solvents in non-catalytic condition. In a 
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similar way, differences in rates and yields of solubilized products of cellulose among 
low and high polarity solvents diminished under acid catalyzed conditions, which 
correlated to the equalization of LG production in these solvents. 
 
Table 3. Solubilization of cellulose in polar aprotic solvents in non-catalytic and acid-
catalyzed conditionsa  
 
Solvent δPb (MPa1/2) 
SPc (%) 
Rate of cellulose 
solubilizationd (mg min-1) 
Non-
catalytic 
Acid-
catalyzed 
Non-
catalytic 
Acid-
catalyzed 
1,4-Dioxane 2.1 72 92 2.07 8.85 
Ethyl acetate 6.6 81 89 2.97 8.25 
THF 7.0 91 93 2.09 9.03 
MIBK 7.4 98 91 3.53 8.01 
Acetone 13.1 95 89 2.41 9.09 
GVL 22.1 93 93 3.16 7.58 
Acetonitrile 18.7 95 86 3.12 8.59 
a Reaction condition: 350 oC with 20 mg cellulose and 0.5 mM H2SO4 
b δP : Polar solubility parameter of solvent was determined at reaction condition (Section 
2, Appendix B) 
c SP is yield of solubilized products determined at the reaction time at which solubilized 
products yield reached its maximum 
d Rate of solubilization was estimated based on initial rates method 
Effect of solvent polarity on LG production and secondary reaction rates  
The equalization of yields of solubilized carbohydrates could be further supported 
by the analysis of the rates of primary and secondary reactions involved in the 
depolymerization of cellulose. Yields of LG were used as indicator of the extent of 
cellulose depolymerization reaction. In order to determine the effect of solvent polar 
solubility parameter on cellulose depolymerization reaction rates, both the initial rates of 
production of LG and secondary reactions of LG were analyzed over the range of polar 
aprotic solvents in this work.  
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Table 4. Initial rate of formation  (mg min-1) of LG and products of secondary reactions 
in presence of acid catalysta 
 
Solvent δP (MPa1/2)b LG AGF LGO Furfural 5-HMF 
1,4-Dioxane 2.1   8.3 1.9 0.9 0.1 0.1 
Ethyl acetate 6.6 5.7 1.7 1.7 0.2 0.9 
THF 7.0 7.2 2.1 0.9 0.1 0.2 
MIBK 7.4 3.8 1.2 0.8 0.2 0.4 
Acetone 13.1 8.2 2.2 0.8 1.3 0.8 
GVL 22.1 9.1 2.9 1.7 0.1 0.1 
Acetonitrile 18.7 9.5 2.0 0.1 0.1 0.1 
a Reaction condition: 350 oC with 20 mg cellulose and 0.5 mM H2SO4 
b δP : Polar solubility parameter of solvent was determined at reaction condition (Section 
2, Appendix B) 
LG: Levoglucosan, AGF: 1,6-anhydro-β-D-glucofuranose, 5-HMF: 5-
Hydroxymethylfurfural, LGO: Levoglucosenone 
 
Table 4 shows that the initial rates of formation of LG were 8.3, 7.2, 9.1 and 9.5 
mg min-1 in 1,4-Dioxane, THF, GVL, and acetonitrile, respectively. This implies that LG 
was generated in low polarity solvents at lower to nearly comparable rates with respect to 
highly polar solvents. However, GVL also exhibited a considerably higher initial rate of 
LG isomerization and dehydration reaction that led to production of AGF and LGO [40, 
41, 45] respectively, as major products of secondary reactions of the anhydrosugar in the 
initial phase of reaction. Initial rate of AGF and LGO formation during cellulose 
depolymerization in GVL were 2.9 and 1.7 mg min-1, respectively, with 0.5 mM sulfuric 
acid present. Initial rates of AGF and LGO in 1,4-Dioxane, subjected to the same reaction 
environment, were 1.9 and 0.9 mg min-1, respectively. The production rates of AGF and 
LGO were increased by 53% and 89% when cellulose was reacted in GVL compared to 
1,4-Dioxane system. This behavior of low to competitive LG production rate with 
reduced rates of secondary reactions of the anhydrosugar was also prevalent in other low 
to moderately polar solvents such as THF and acetone. It is important to note that 
  
87 
acetonitrile showed relatively lower rates of AGF (2.0 mg min-1) and LGO production 
(0.1 mg min-1) when compared to GVL. This suggests that some high polarity solvents 
could promote degradation of LG at comparable rates with that observed in low polarity 
solvents.  
In sum, although LG was produced in low polarity solvents at either a similar or 
relatively lower initial rates compared to highly polar solvents, the net rate of LG 
formation could level off among a wide range of polar solvents due to equal or higher 
stability of the anhydrosugar (considering both acetonitrile and GVL effects) in the 
solvents with low polarity.  
We hypothesize that the apparent activation energy of LG production by acid-
catalyzed cellulose depolymerization is either similar or smaller in high polarity solvents 
(e.g. GVL) compared to low polarity solvents and the apparent activation energy of LG 
secondary reactions would be similar or larger in the low polarity solvents in acid-
catalyzed environment. Further work is in progress to determine the reaction kinetics and 
energetics of the cellulose depolymerization and secondary reactions of LG in the 
solvents of low and high polarity to understand the phenomena in depth.  
Investigation of reaction pathways  
We propose a reaction pathway for acid-catalyzed cellulose depolymerization in 
polar aprotic solvents. This was investigated for 1,4-Dioxane with 0.25 mM H2SO4 at 350 
oC although it is applicable to other solvents explored in this study. Intermediate and final 
products of cellulose solvent liquefaction were incorporated into this reaction network. 
Scheme 1 depicts the possible reaction networks of this process for 1,4-Dioxane system.  
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Scheme 1. Proposed pathway of acid-catalyzed depolymerization of cellulose in polar 
aprotic solvents 
 
 
 
LG: Levoglucosan, AGF: 1,6-anhydro-β-D-glucofuranose, 5-HMF: 5-
Hydroxymethylfurfural, LGO: Levoglucosenone 
 
Figure 2 shows that cellulose decomposed into intermediate anhydro-
oligosaccharides and finally into major product levoglucosan with other lower molecular 
weight compounds. Model compounds cellobiosan, LG, LGO, 5-HMF, and furfural were 
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reacted individually in the solvent in presence of sulfuric acid to trace the route of the 
above reactions. Herein, cellobiosan was chosen as a model for anhydro-oligosaccharides 
of DP>1 for the reactions. GC-MS chromatograms indicate that cellobiosan 
depolymerized to LG and also produced LGO, 5-HMF, and furfural. When LG was 
treated under the same reaction condition, it isomerized to AGF only without exhibiting 
any other products. Cellobiosan and LG were processes individually and their GFC 
spectrums showed no evidence of reversible reaction between the two compounds 
(Figure S4, Appendix B).   
Although LGO was not found as a product from LG in the above reaction, it could 
be formed by dehydration of LG in presence of acid catalyst rapidly and then fully 
converted into other lighter products. As evident from product evolution studied in 1,4-
Dioxane with acid earlier in Figure 1, LGO was formed at the early stage of reaction with 
LG and then had undergone a fast degradation. This assumption was further corroborated 
when LGO decomposed into furfural when treated as the feedstock alone. Previous 
studies of acid-catalyzed cellulose depolymerization in polar aprotic solvents clearly 
indicate that LGO directly forms from LG by a dehydration mechanism [27, 45]. Furfural 
was not found during individual treatment of 5-HMF, which indicates that furfural must 
have derived only from LGO. Both 5-HMF and furfural were reacted separately and they 
both generated no GC-detectable decomposition products. Hence, these furanic products 
seemed to be stable in the above condition without undergoing further secondary 
reactions.  
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Conclusions 
In this work, cellulose was depolymerized at rapid rate in several aprotic solvents 
with a range of solubility parameter in the presence of a small amount of sulfuric acid as 
catalyst. By adding acid catalyst, the difference in yields of solubilized products and 
solubilized carbohydrates among the various solvents essentially disappeared. 
Furthermore, yield of the major carbohydrate product, levoglucosan, became independent 
of solvent polarity. Although acid appears to accelerate cellulose depolymerization in low 
and high polarity solvents at comparable rates, acid is more effective in accelerating 
secondary reactions in high polarity solvents that degrade levoglucosan.   
To our knowledge, this is the first demonstration that low polarity and low boiling 
point solvents can achieve comparable yields of solubilized carbohydrates from cellulose 
as high polarity, high boiling point solvents such as GVL. This equalization of yields 
increases the attractiveness of low polarity, low boiling point solvents for cellulosic sugar 
production since they are easier and less expensive to recovery than high boiling point 
solvents.  
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CHAPTER 4.    FACTORS INFLUENCING CELLULOSIC SUGAR 
PRODUCTION DURING ACID-CATALYZED SOLVENT LIQUEFACTION IN 
1,4-DIOXANE 
A paper to be submitted to a peer-reviewed journal in April 2018 
Arpa Ghosh and Robert C. Brown 
 
Abstract 
This work explores the use of 1,4-Dioxane to depolymerize cellulose into 
solubilized carbohydrates. The low boiling point of this solvent offers inexpensive and 
simple separation compared to higher boiling point solvents like γ-valerolactone that 
have been previously explored for acid-catalyzed depolymerization of cellulose. In the 
present study, several key reaction parameters including reaction temperature, catalyst 
concentration, and water content in 1,4-Dioxane were studied as major influential factors 
for enhancing sugar production from cellulose. A maximum yield of 51% of 
levoglucosan, the anhydrosugar product of cellulose depolymerization, was achieved at 
high temperature, short reaction time and low acid concentration. Use of water as a co-
solvent enhanced solubilization of cellulose and increased solubilized carbohydrates 
production at low temperature, which could potentially enable processing of cellulose at 
high feedstock loadings and milder conditions.  
Introduction 
Lignocellulosic biomass is a promising source of fermentable sugars for 
production of biofuels or value-added chemicals [1]. Thermal depolymerization in 
solvents has drawn increasing attention as a promising approach for production of water-
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soluble sugars and anhydrosugars from cellulosic feedstock [2, 3]. Anhydrosugars are 
generally hydrolyzed to glucose prior to fermentation for ethanol production although 
recently it has been shown that levoglucosan and cellobiosan, the most abundant 
anhydrosugars from cellulose depolymerization, can be directly fermented using 
engineered microbes [4, 5]. 
Cellulose, the most abundant polysaccharide of lignocellulosic biomass, consists 
of D-Glucose units joined by β-glycosidic linkages. The highly compact and crystalline 
structure of cellulose is the result of intermolecular hydrogen bonding among cellulose 
fibrils. Dilute acid pretreatment is commonly used increase the susceptibility of cellulose 
to enzymatic hydrolysis [6-8]. Nevertheless, the high cost of enzymes, slow rates of 
enzymatic hydrolysis and end product inhibition are barriers to commercialization of this 
technology [9-11].  
Concentrated acid hydrolysis is an effective approach to saccharification [12, 13]. 
However, the corrosiveness and difficulty of recovering concentrated acid has 
discouraged its commercial development. Ionic liquids readily solubilize cellulose and, in 
combination with catalysts, can produce high yields of fermentable sugars [14-17]. 
However, the high cost of ionic liquids requires recovery at high efficiency, which has 
slowed commercial development [15]. A relatively simple and rapid thermal 
depolymerization process is fast pyrolysis, which can also deconstruct cellulose into 
anhydrosugars [18-21]. However, the high temperature of pyrolysis (500-700oC) requires 
careful control of operating conditions to avoid undesired secondary degradation 
reactions that adversely affect the yield and selectivity of anydrosugars [22-24].  
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Solvent liquefaction has emerged as a promising pathway to cellulosic sugar 
production. Solvent-assisted depolymerization of biomass employs relatively moderate 
reaction conditions, typically between 150 and 350oC, with or without homogeneous 
catalyst [25, 26]. Liquefaction in a solvent medium allows recovery of non-volatile 
sugars as solubilized carbohydrates and helps suppress secondary dehydration reactions 
by dispersing reactive species in the solvent phase. These features provide distinctive 
advantages compared to other cellulose depolymerization pathways [27, 28].  
Several researchers have suggested that polar aprotic solvent could serve as an 
efficient medium for acid-catalyzed production of carbohydrates from cellulose. Aprotic 
solvents serve primarily as chemically inert medium in which cellulose is depolymerized 
to anhydrosaccharides [2, 29-31]. Polar aprotic solvents accelerate the rate of hydrolytic 
depolymerization of β(14) bond to liberate monosaccharide from a cellobiose unit 
while also suppressing secondary dehydration of monosaccharide products [31]. While 
water is also an effective solvent for hydrolysis of cellulose, the need for special alloys to 
avoid metal corrosion and operation at elevated pressures results in expensive reactors 
[32-34]. Operation at lower (subcritical) temperatures water to avoid some of these 
problems results in accelerated dehydration of monosaccharides into 5-
hydroxymethylfurfural, a precursor to water-insoluble humins, an undesired by-product 
of hydrothermal processing of cellulose [35, 36].  
A variety of polar aprotic solvents including sulfolane, 1,4-Dioxane, THF, 
acetone, γ-valerolactone and acetonitrile have been used under hot, pressurized 
conditions to convert cellulose and/or lignocellulosic biomass to produced solubilized 
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carbohydrates [2, 3, 27, 30, 37, 38]. In particular, high polarity aprotic solvents produce 
the highest yields of monomeric anhydrosugars, up to 38% from cellulose at 350 oC 
without catalysts [2]. Recently, we have demonstrated that dilute acid catalyst can reduce 
differences in levoglucosan yields among aprotic solvent of different polarities, allowing 
low polarity solvents to be competitive alternatives to high polarity solvents [39]. The 
lower boiling point of low polarity aprotic solvents offers advantages in recovering 
products and recycling the solvent [40-42]. Additionally, LG is highly stable in acid-
catalyzed medium of low polarity solvents. For instance, the rate of LG degradation 
never exceeded 0.02-0.12 mg min-1 in 1,4-Dioxane and THF, while LG started to 
disappear at the rate of 0.20-0.31 mg min-1 in high polarity solvents, GVL and 
acetonitrile [39]. This suggests low polarity solvents could be the choice for processing 
cellulose in acid-catalyzed condition for production of solubilized carbohydrates.  
Despite these promising results for low polarity solvents such as 1,4-Dioxane, 
THF, and acetone, their use in thermal deconstruction of cellulose has not been 
optimized. While several polar aprotic solvents have been investigated to understand their 
effects on non-catalytic and catalytic depolymerization of cellulose, the literature 
contains little information on the influence of reaction variables on acid-catalyzed 
cellulosic sugar production in a polar aprotic solvent especially those of low polarity and 
low boiling point. In our recent work on acid-catalyzed cellulose depolymerization in 
polar aprotic solvents, we demonstrated that reaction time is the most fundamental 
parameter that governs solubilized carbohydrate yield [27, 39]. Usually, the yields of 
monomeric carbohydrates either cross or approach a maximum in the course of reaction 
with respect to time at a certain temperature. Bai et al. [27] presented the effects of 
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reaction temperature, reaction time, water content and mass loading on the yields of 
monosaccharides during switchgrass liquefaction in 1,4-Dioxane. However, the effect of 
acid catalyst was not investigated and the temperature range was very small. 
Additionally, the effects of these variables on depolymerization of individual 
polysaccharides in biomass were not adequately explained. Solvent liquefaction studies 
also indicate that low polarity solvents usually require processing at high temperature and 
high pressure at relatively low feedstock loading for effective conversion of cellulose to 
sugars [27, 37, 39]. This would entail high capital cost for the reactor and high operating 
cost to recover the solvent. Thus, a low temperature process that can solubilize and 
depolymerized cellulose at high solids loading is indicated to improve the economics of 
processing with low polarity solvents.  
The goal of this parametric study is to find optimal processing conditions for 
converting cellulose into solubilized products at high yields and selectivity. The 
parameters investigated include temperature, concentration of acid catalyst (sulfuric 
acid), and amount of water used as co-solvent.  Our previous work suggests that several 
low polarity and low boiling point solvents, 1,4-Dioxane, THF and acetone, are suitable 
for acid-catalyzed cellulose depolymerization. Since 1,4-Dioxane exhibited the largest 
initial rate of LG production, it was chosen for this study. Additionally, 1,4-Dioxane is 
thermally stable at elevated temperature of acid-catalyzed reaction condition [2, 27]. 
Although the size of cellulose particles and the type of reactor used are potentially 
important parameters, there inclusion was beyond the scope of this study. Although other 
kinds of acid might also be effective as catalysts, sulfuric acid is inexpensive and 
representative of homogeneous acid catalysts.  
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We hypothesize that the presence of a polar solvent such as water may promote 
solubilization of cellulose and its carbohydrate products, which are also highly polar 
molecules, which in turn would enable processing at high feedstock loading. 
Additionally, as co-solvent, water should enhance production of solubilized 
carbohydrates via acid-catalyzed depolymerization at 200-300 oC due to the enhanced 
catalytic properties of sub-critical water [32, 43]. This may also allow the concentration 
of strong acid to be reduced, mitigating acid-catalyzed dehydration of sugar products [44, 
45]. Thus, water as co-solvent may simultaneously mitigate mass transfer limitations and 
enhance of the rate of cellulose depolymerization during low temperature liquefaction in 
1,4-Dioxane.  
Experimental Section 
Materials 
Microcrystalline cellulose of size 50 μm was purchased from Sigma Aldrich. 
Levoglucosan (LG, purity > 99.6%) and cellobiosan (purity > 98.7%) were obtained from 
Carbosynth, UK. Furfural (purity > 99%), levoglucosenone (LGO, purity > 99.2%), 5-
hydroxymethylfurfural (5-HMF, purity > 99%) were purchased from Sigma Aldrich. 
Cellobiose (purity > 98%) from Acros Organics and D-Glucose (purity > 99%) from 
Fisher Scientific were acquired. Polyethylene glycol standards were purchased from 
Agilent Technologies. HPLC grade submicron filtered solvents, 1,4-Dioxane, acetone 
and methanol were provided from Fisher Scientific. Sulfuric acid (H2SO4, purity 96.6 
wt%) was received from Fisher Scientific. DI water (18.2 MΩ) was available on site. 
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Solvent processing methodology  
Experiments were conducted in steel reactors assembled from Swagelok (316 SS) 
parts. A reactor constituted of a 3/8-inch tube fitting union and two sealed plugs. Reactor 
capacity was 2.5 mL. Microcrystalline cellulose (10-50 mg) was added to 1.2 mL of 
solvent. Non-aqueous reactions were conducted at temperatures ranging from 250oC to 
375oC for up to 15 min with 0-5 mM sulfuric acid added to the solvent. For experiments 
in co-solvent mixtures of 1,4-Dioxane and water, the amount of water ranged from 0 to 
50 vol% of the solvent mixture. Effect of water content was studied at several 
temperatures in the range of 250 to 350oC with 0.25 mM sulfuric acid. Relatively long 
reaction times of 10 to 30 min were used, as depolymerization of cellulose is significantly 
slower at low temperatures. Relatively high mass loading of 50 mg cellulose was 
intentionally chosen to examine if cellulose solubilization and carbohydrates production 
could be improved in the mass transfer limited regime by addition of water [2].  Reactors 
were sealed and shaken for 1 h prior to experiments. The mini-reactors were heated in a 
fluidized sand bath (Techne Industrial Bed 51) to the desired reaction temperature. 
Temperature profiles in the reactors were measured with a type K thermocouple inserted 
in the reactor. Initial heating rates of the reactor contents were 5-7ºC s-1. The normal 
boiling points and estimated pressures at reaction conditions for each solvent are given in 
Table S1 of Appendix C. The methodology for determining reactor pressure is elucidated 
elsewhere [2]. The information on solvent polarity at atmospheric and reaction conditions 
is found in Table S2 of Appendix C. Reaction time was measured as the time interval 
between dropping the reactor into the hot fluidized bed and removing and immersing it in 
cold water. The reactors, once cooled, were slowly opened to allow non-condensable 
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gases to escape prior to extracting the liquid and solid contents of the reactor. Liquid was 
extracted using a pipette (Fisher Scientific) and solids washed from the bottom of the 
reactor using the same solvent used in the experiment. The liquid fraction consisted of 
both the solvent and solubilized products from cellulose deconstruction. The liquid 
fraction was filtered using Whatman syringe-filters of pore size 0.45 μm. The solid 
residue was dried overnight in an oven at 50oC and weighed. Gas products were 
quantified by the difference in the mass of the reactor before and after the non-
condensable gases escaped. Since the influence of reaction time on LG production was 
significant, each level of all other reaction parameters in this work were studied at 
variable reaction times to capture a more comprehensive picture of the influence of these 
parameters on LG yields. The experiments were repeated two or three times to report 
averaged results. Standard error for the result of each processing condition was about 
10% of the mean for all tests. 
Thermal stability of 1,4-Dioxane at reaction condition was tested to verify its 
robustness. The solvent with 0.25 mM sulfuric acid was employed in three cycles of 
solvent processing at 350oC, each lasting four minutes. Less than 0.3% of the solvent 
decomposed to low molecular weight products per cycle based on GC-MS peak area 
analysis. The main degradation product was methyl substituted 1,3-dioxolane. Thus, it 
appeared to be relatively robust against decomposition.  
Analytical methods 
A Gas Chromatograph with Mass Spectrometer and Flame Ionization Detector 
(Agilent 7890B GC-MS/FID) to analyze the liquid fraction. The GC was equipped with 
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two capillary columns of type Phenomenex ZB 1701 (60 m x 0.250 mm and 0.250 μm 
film thickness), one connected to each the MS and FID. The back detector of FID was 
held at 250oC while the injection port of GC was kept at 300oC. The flow rate of helium, 
used as carrier gas, was maintained at 1 mL min-1. The volume of liquid sample injected 
for analysis was 1 μL. The temperature of the GC oven was increased from 40oC  (3 min 
hold) to 240oC (4 min hold) using a heating rate of 3oC min-1. Quantitative calibration 
was performed in GC-FID with LG, LGO, 5-HMF, and furfural standards in diluent 
methanol or acetone as appropriate. In absence of calibration standard for 1,6-anhydro-β-
D-glucofuranose (AGF), LG was used for quantification of this anhydrosugar. 
Yield of a solubilized product was determined from Equation (1) as below: 
Carbon molar yield (%) = 
C𝑠𝑝
C𝑖
 ×  100%             (1) 
where  
Csp = moles of carbon in solubilized product 
Ci = initial moles of carbon in cellulose as feedstock 
Non-volatile sugars including LG, glucose, cellobiosan and cellobiose were 
analyzed using high performance liquid chromatography (HPLC). The HPLC was 
equipped with a HyperREZ XP Carbohydrate H+ 8 μm (300 x 7.7 mm) column. The flow 
rate of the matrix, 400 mM aqueous solution of sulfuric acid, was 0.2 ml min-1 at 25oC 
and 8 bar pressure. A refractive index (RI) detector was used for identification of sugars. 
LG, D-glucose, cellobiose, cellobiosan were quantified directly using calibration curves 
developed with standards of these carbohydrates. Dilute acid-hydrolysis was used to 
  
104 
quantify high molecular weight solubilized carbohydrates that could not be detected in 
HPLC. Acid hydrolysis was conducted in Ace glass reactors (6 mL capacity) containing 
about 0.5 mL unfiltered solvent liquefaction product solution. For hydrolysis, 2.5 mL of 
100 mM H2SO4 was added in the glass reactor already loaded with solvent liquefaction 
sample. Triangular stir bars were placed inside the reactors, which were then tightly 
sealed. They were placed in an oil bath set at 135oC and hydrolysis reaction was allowed 
to proceed for 44 min. LG and cellobiosan were hydrolyzed individually to confirm 
complete hydrolysis of the anhydrosugars at the hydrolysis condition employed. 
Additionally, a blank reactor was used with 400 mM sulfuric acid solution as control. The 
reactors were taken out of the oil bath and placed inside a freezer for 15 min to bring the 
contents at room temperature. The hydrolysis samples were then filtered and analyzed in 
HPLC with a duplicate for each sample. In addition, the entire process of solvent 
liquefaction followed by hydrolysis was repeated once or twice to report an average for 
each test condition.  
Undetectable solubilized carbohydrates produced from cellulose depolymerization 
were converted to glucose using dilute acid hydrolysis. They were quantified from the 
difference in amounts of equivalent glucose pre- and post-hydrolysis as follows:  
𝐴𝑛ℎ𝑦𝑑𝑟𝑜 − 𝑜𝑙𝑖𝑔𝑜𝑠𝑎𝑐𝑐ℎ𝑎𝑟𝑖𝑑𝑒𝑠 𝑐𝑎𝑟𝑏𝑜𝑛 𝑚𝑜𝑙𝑎𝑟 𝑦𝑖𝑒𝑙𝑑 (%) =
G𝑝𝑜𝑠𝑡 –  G𝑝𝑟𝑒 
C𝑖
 ×  100%     (2) 
where  
Gpre = moles of glucose equivalence from solvent liquefaction quantified pre-hydrolysis 
Gpost = moles of glucose quantified post-hydrolysis   
Ci = initial moles of cellulose as feedstock  
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A correction factor of 0.9 was applied to convert from glucose-equivalence to 
anhydro-equivalence. HPLC was used instead of GC-FID to quantify LG in products for 
all experiments investigating the effect of water co-solvent on cellulose depolymerization 
to ensure a common chromatographic separation was employed.  
Dilute-acid hydrolysis could not be applied in cases of low initial mass of 
cellulose due to significant uncertainty in quantifying products. Thus, when initial mass 
of cellulose was 20 mg or less, analysis of high molecular weight solubilized 
carbohydrates was performed using Gel Filtration Chromatography (GFC). A Dionex 
Ultimate 3000 series HPLC served for GFC analysis. The eluent used in GFC column 
was DI water. Liquid fractions from solvent liquefaction were diluted to 10 vol% in DI 
water. Two type PL-aquagel-OH-20 5 μm columns were connected in series in the HPLC 
and were maintained at 25 oC. The mobile phase was DI water with flow rate set at 0.8 
mL min-1. Refractive index was used for detection of water-soluble carbohydrates. 
Polyethylene glycol standards were employed to design a calibration curve for molecular 
weight distribution of solubilized carbohydrates. Expected sugar products (LG, D-
Glucose, cellobiosan and cellobiose) were identified by comparing their retention times 
with that of their individual standards. The procedure of determining presence of 
anhydro-oligosaccharides with degree of polymerization greater than dimers is described 
elsewhere [2].   
Thermogravimetric analysis was performed on the solid residues obtained from 
acid-catalyzed cellulose solvent liquefaction experiments performed at various reaction 
conditions to determine ash and moisture content of the solids. Elemental analysis was 
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also conducted on the solid residues to determine carbon, hydrogen and oxygen content 
of the solids on ash and moisture-free basis.  
 
Results and Discussion 
Product distribution of acid-catalyzed cellulose solvent liquefaction 
Product distributions for acid-catalyzed solvent liquefaction of cellulose in 1,4-
Dioxane are presented in Figure 1. The GC chromatogram is for liquefaction in pure 1,4-
Dioxane (Figure 1 (a)) while the HPLC chromatogram represents the products obtained 
for liquefaction in mixtures of 1,4-Dioxane and water (Figure 1 (a)). The GC-MS 
spectrum shows that the major carbohydrate product of depolymerization of cellulose 
was the anhydro-monosaccharide, LG. When water was present as co-solvent, glucose 
appeared along with LG as a major carbohydrate product. Minor products included AGF, 
LGO, 5-HMF and furfural, which originated from secondary reactions that degraded 
carbohydrate products, but these were at significantly lower concentrations than LG or 
glucose as shown in Figure (1 (a)). Additionally, large molecular weight carbohydrates in 
the form of anhydro-oligosaccharides were detected in the GFC spectra (Figure S1, 
Appendix C) for depolymerization of cellulose in pure 1,4-Dioxane). Anhydro-
oligosaccharides could not be directly detected in the experiments with water as co-
solvent because the retention time of the glucose formed in these experiments strongly 
overlapped the retention times of the oligosaccharides. Nevertheless, dilute-acid 
hydrolysis of the liquid product from the aqueous co-solvent system revealed that 
anhydro- or hydrolyzed oligomers of C6 sugar were likely present.  
  
107 
 
 
 
 
Figure 1. (a) GC-MS chromatogram of major solubilized products of cellulose 
depolymerization at 350oC for 1 min of reaction time in 1,4-Dioxane in presence of 0.5 
mM sulfuric acid; (b) HPLC chromatogram of major solubilized carbohydrates of 
cellulose depolymerization at 250 oC for 10 min of reaction time in 90/10 vol% 1,4-
Dioxane/water in presence of 0.25 mM sulfuric acid. 
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The distribution of these large molecular weight solubilized carbohydrates and 
monomer carbohydrates in either pure or aqueous 1,4-Dioxane indicate that monomers 
were the main products of acid-catalyzed cellulose decomposition. Thus, the above 
monomer sugars were used as proxies for analyzing the extent of cellulose 
depolymerization, which was convenient as these are easy to measure in solution.  
Effect of acid concentration on levoglucosan production 
Effect of acid catalyst concentration on solvent liquefaction in 1,4-Dioxane was 
investigated at a reaction temperature of 350oC using 20 mg cellulose. As shown in 
Figure 2, very low acid concentrations were adequate to enhance depolymerization of 
cellulose to LG. An acid concentration as low as 0.1 mM produced a 2.7-fold increase in 
maximum LG yield (40.6%) compared to non-catalyzed solvent liquefaction (15.3%). 
However, 0.25 mM acid appeared to be optimal, decreasing reaction time, increasing 
yield to 43%, and reducing secondary reactions that would otherwise decompose LG over 
long reaction times. On the other hand, increasing acid concentration to 2 mM 
significantly reduced maximum LG yield to 27% while 5 mM acid dropped maximum 
LG to only 12% - lower than the yield for non-catalytic solvent liquefaction. These 
reductions are attributed to acid-catalyzed dehydration of LG to AGF, LGO, 5-HMF, and 
furfural [27, 30, 44], which were found to increase from 7% to 44% as acid concentration 
was increased from 0.1 to 5 mM  (Figure S2, Appendix C).  
A detailed analysis of rates of LG formation and degradation at different acid 
concentrations is given in Section 2 and Figure S3 in Appendix C. Figure 2 illustrates an 
optimal acid concentration of 0.25 mM for LG formation, which was used in subsequent 
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experiments. This desired effect was best reflected at 0.25 mM sulfuric acid 
concentration at the reaction condition and hence it was selected as the optimum acid 
concentration for rest of the analysis. 
 
 
Figure 2. Effect of acid concentration on LG yield as a function of reaction time for 
cellulose solvent liquefaction in 1,4-Dioxane at 350oC for 20 mg cellulose mass loading.  
 
Effect of temperature  
As shown in Figure 3, reaction rates increased with temperature. At temperatures 
less than 300o C, several minutes were required to reach maximum LG yields.  The rate 
of LG formation was only 0.5 mg min-1 at 250oC increasing to 1.8 mg min-1 at 300oC.  At 
temperatures above 350oC, maximum yields were reached within 1 minute, representing 
a dramatic increase in rate to 9.9 mg min-1. Furthermore, temperature tended to enhance 
LG yields, increasing from 25% at 250oC to 51% at 350oC. However, as temperature 
increased to 375oC, LG dropped to 46%, possibly due to increased dehydration of LG.  
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Figure 3. Effect of temperature of reaction on LG yields as a function of time for solvent 
liquefaction of 10 mg cellulose in 1,4-Dioxane at 350 oC with 0.25 mM H2SO4. 
 
Effect of water as co-solvent on solubilized carbohydrates production 
Effect of water on solubilized carbohydrates production 
Figure 4 presents the effect of water addition on cellulose solubilization in acid-
catalyzed 1,4-Dioxane operating at 250oC. Water enhanced the solubilization of cellulose 
compared to non-aqueous 1,4-Dioxane system. Yield of solubilized products increased 
dramatically from 27% to 62% at only 10 min of reaction by adding 10 vol% water to 
1,4-Dioxane. The yield of solubilized products after 30 minutes of reaction increased 
from 36% to 65% in presence of 10 vol% water as co-solvent. However, in both cases, 
most of the yield was achieved within 10 minutes, suggesting the use of this shorter 
reaction time.  
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Figure 4. Yields of solid residue and solubilized products at 250 oC from reacting 50 mg 
cellulose in 1,4-Dioxane with 0.25 mM sulfuric acid and added with water of 0-10 vol% 
as co-solvent.  
 
The effect of water as co-solvent with 1,4-Dioxane on solubilized carbohydrates 
yields is illustrated in Figure 5. 1,4-Dioxane alone produced only anhydrosugars whereas 
the co-solvent system produced a mixture of glucose, LG and anhydro-oligosaccharides 
as the main carbohydrate products.  Anhydro-oligosaccharide yield was determined by 
dilute acid-hydrolysis test, which was optimized for conversion of the anhydrosugars in 
aqueous 1,4-Dioxane system (Figure S5, Appendix C). The production of both glucose 
and LG might be due to simultaneous thermal depolymerization and acid hydrolysis of 
cellulose [46]. The effect of co-solvent ratio on solubilized carbohydrates production was 
investigated. As shown in Figure 5, increasing water content from zero to 2.5 vol% 
increased the yield of solubilized carbohydrate from 21% to 33% at 250oC in presence of 
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0.25 mM sulfuric acid. Yield increased with further water addition, attaining 45% yield at 
10 vol% water. Beyond that, yield dropped rapidly, falling to 13% at 50 vol% water.  
 
 
Figure 5. Effect of co-solvent ratio on solubilized carbohydrates yields at 250 oC at 30 
min of reaction from 50 mg of cellulose initially charged in 1,4-Dioxane with 0.25 mM 
H2SO4 as catalyst.  
Reaction temperature influenced the effect of water on cellulose 
depolymerization. Figure 6 (a) shows that total solubilized carbohydrates yield after 10 
min at 250oC was only 18% in pure 1,4-Dioxane, increasing to 37% when 10 vol% water 
was present. On the other hand, as shown in Figure 6 (b), there was no significant change 
in solubilized carbohydrate yields after 10 min at 300oC. Furthermore, temperature 
increase to 350oC dramatically degraded carbohydrate production from 39% to 19% after 
10 min  (Figure 6 (c)). The distribution of solubilized carbohydrates changed 
significantly with processing temperature. While LG, glucose and anhydro-
oligosaccharides were evident at 250oC, showed no glucose. The disappearance might be 
attributed to dehydration reactions of sugars. 
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Figure 6. Effect of adding water as co-solvent on solubilized carbohydrates yields at (a) 
250 oC, (b) 300 oC, (c) 350 oC at 10 and 30 min of reaction from 50 mg of cellulose 
initially charged in 1,4-Dioxane with 0.25 mM H2SO4 as catalyst. Anhydro-
oligosaccharides were quantified by dilute acid hydrolysis using 100 mM H2SO4 at 135 
oC for 44 min.
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Figure 6 also illustrates the effect of reaction time on yields of solubilized 
carbohydrates in the presence of co-solvent water. Figure 6 (a) indicates that 
carbohydrate yield at 10 vol% water at 30 min of reaction was an improvement over pure 
1,4-Dioxane system (21% total carbohydrate yield) under the above condition suggesting 
that use of water was more beneficial than completely non-aqueous solvent processing at 
250oC over the whole range of reaction time. However, as evident from Figure 6 (a), total 
solubilized carbohydrates yield decreased from 37% to 27% at 250oC as the reaction time 
proceeds from 10 to 30 min in presence of 10 vol% water. 
Long reaction time had an adverse impact on the solubilized carbohydrates yield 
at temperatures beyond 250oC. Firstly, the yields of solubilized carbohydrates were lower 
than the yields in pure 1,4-Dioxane systems at 30 min of reaction at high temperatures 
(300-350oC). For instance, as shown in Figure 6 (b), solubilized carbohydrate yields in 
pure and aqueous 1,4-Dioxane at 300oC were 36% and 27%, respectively, at reaction 
time of 30 min. The same change in co-solvent ratio at 350oC reduced carbohydrate 
yields from 33% to 8% at 30 min (Figure 6 (C)). Moreover, total solubilized 
carbohydrates yield in aqueous 1,4-Dioxane system were adversely affected by 
increasing the length of reaction. Carbohydrate yields at 300oC decreased from 30% at 10 
min to 27% at 30 min. Furthermore, the yields deteriorated to 7% at 30 min when 
reaction was conducted at 350oC in presence of co-solvent water. Therefore, the benefits 
of employing water as co-solvent with 1,4-Dioxane were realized as most effective at low 
temperature and short reaction time (e.g. 250oC and 10 min) for producing high yields of 
solubilized carbohydrates.  
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Effect of water on dehydration of solubilized carbohydrates  
Researchers have suggested that mineral acid in aqueous medium catalyzes secondary 
dehydration reactions of C6 monosaccharides in addition to accelerating cellulose 
depolymerization [35, 47-49]. Furthermore, water can behave as a catalyst to promote 
secondary dehydration reactions of monosaccharides [32].  
The effect of water on sugar dehydration was investigated through the evolution of 
furanic products, such as 5-HMF and furfural, with increasing temperature and length of 
reaction. As discussed earlier, production of these aforementioned furanic compounds by 
acid-catalyzed dehydration of C6 monosaccharides is enhanced in presence of sub-critical 
water (< 374 oC) in the reaction medium [50-53]. Additionally, operation at high 
temperatures and prolonged reaction times could further facilitate the above dehydration 
reactions in a polar aprotic solvent [45]. Thus it was hypothesized that increasing water 
content could lead to increased amount of dehydrated products from solubilized 
carbohydrates in 1,4-Dioxane system, especially at 300 oC or above and at longer reaction 
time during the depolymerization of cellulose.  
Figure 7 demonstrates that increasing water as co-solvent increased the yield of 5-
HMF and furfural at 250 oC in presence of 0.25 mM sulfuric acid. The total yield of the 
dehydration products increased from 11% to 38% by increasing water content from 2.5 vol% 
to 50 vol%. This behavior matches closely with the decrease of carbohydrate yields under 
similar conditions (Figure 5), suggesting that dehydration of monosaccharides is responsible 
for their lower yields.  
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Figure 7. Effect of water as co-solvent on dehydration product yields at 250oC after 30 min 
reaction (50 mg cellulose in 1,4-Dioxane with 0.25 mM H2SO4) 
 
It was further observed that both 5-HMF and furfural yields increased individually 
with increasing water content in 1,4-Dioxane as evident in Figure 7. In fact, the yield of each 
of the furanic compounds increased almost linearly with the increasing water level in the 
solvent system (Figure S6, Appendix C). Typically, 5-HMF is formed via dehydration of 
glucose while furfural could be produced via dehydration of either LG or glucose catalyzed 
by an acid in a polar aprotic solvent [30, 45]. As presented in Figure 5 before, up to 10 vol% 
water content, the change in total carbohydrate yields was chiefly due to a significant 
increase in glucose yields compared to LG and anhydro-oligosaccharides yields. Thus 
increase in both 5-HMF and furfural yields could be attributed to dehydration of glucose 
rather than due to any transformation of LG or other anhydrosugars at water level 10 vol% or 
less.  
Beyond 10 vol% of water, increase in 5-HMF and furfural yields was associated with 
a simultaneous decrease in both LG and glucose yields. LG and glucose yields decreased 
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slightly in yields from 19% and 20% at 10 vol% water to 17% and 15% at 20 vol% water, 
respectively. This was associated with a small increase in total yields of 5-HMF and furfural 
from 17% at 10 vol% water to 18% at 20 vol% water. When water level was increased to 50 
vol%, 5-HMF and furfural yields increased up to 20% and 18%, respectively, which 
corresponded well with a significant decrease in both LG and glucose yields to 4% and 9%, 
respectively at the same condition. This suggests that dehydration reactions of LG and 
glucose both start to dominate at water levels higher than 10 vol%. Additionally, it is also 
possible that LG hydrolysis rate increases beyond 10 vol% water level in the solvent and this 
in turn could increase dehydration rates due to increase in concentration of glucose, which is 
the primary dehydrating sugar as discussed earlier [49, 54, 55]. Hence, a water content 
greater than 10 vol% in polar aprotic solvent should be avoided to help minimize the 
degradation of carbohydrate products at low temperature regime. 
The effect of temperature regime and reaction time were also important factors in 
controlling the production of furanics during cellulose solvent liquefaction in presence of a 
fixed proportion of water as co-solvent. Figure 8 depicts the changes in 5-HMF and furfural 
yields at different temperatures and reaction times when cellulose was treated in 90/10 vol% 
1,4-Dioxane and water with 0.25 mM sulfuric acid. Total yield of 5-HMF and furfural 
increased from 16% to 19% as the temperature was raised from 250 to 300 oC at 10 min of 
reaction. As the reaction proceeded further to 30 min, the yield of 5-HMF and furfural further 
increased up to 17% at 250 oC and to 22% at 300 oC. Thus it can be concluded that both 
higher temperatures (e.g. > 250 oC) and longer reaction times (30 min) enhanced production 
of furanic compounds in presence of water, which correlated well with the loss of solubilized 
carbohydrates for the same changes in reaction condition as observed in Figure 6.  
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Figure 8. Effect of adding 10 vol% water as co-solvent on dehydration product yields at 250-
350 oC at 10 and 30 min of reaction from 50 mg of cellulose initially charged in 1,4-Dioxane 
with 0.25 mM H2SO4 as catalyst.  
 
Although addition of water was expected to enhance furanic production at high 
temperatures, an exception was observed at 350 oC. A significantly low furanics yield of 11-
12% was observed at this temperature as shown in Figure 8. This could happen due to 
increased rate of secondary repolymerization reactions, commonly observed in acid-
catalyzed aqueous phase processing of C6 monosaccharides [54]. A water-insoluble polymer, 
known as humin, could be formed due to condensation reactions between monosaccharide 
products and their furanic dehydration products or self-condensation of the furanic products 
itself during cellulose liquefaction at high temperatures and long reaction time in presence of 
water [48, 52, 54-58]. Elemental analysis was performed on the recovered solids from 
reactions conducted at 250-350 oC and 10-30 min with 10 vol% water to determine the extent 
of dehydration and condensation that may be associated with the solid residues. In our 
analysis, the O/C and H/C ratios of cellulose were 0.12 and 1.24, respectively. A highly 
dehydrated humin residue can exhibit O/C ratio of 0.34-0.39 and H/C ratio of 0.70-0.79 [36]. 
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It was observed that addition of water with 1,4-Dioxane reduced the O/C and H/C ratios of 
the residues compared to non-aqueous systems at 250 oC. This effect on the solid residues 
was even more pronounced as the temperature was increased above 250 oC. Thus it is likely 
that cellulose-derived monosaccharides and furans might undergo extensive condensation 
reaction at high temperature of 350 oC leading to formation of humins and loss of furanics as 
indicated in Figure 8. A detailed analysis is given in Supplementary Information (Figure S7, 
Appendix C) in support of this argument.  
In sum, since use of water as co-solvent at 350 oC was associated with a significant 
decrease in both sugar and furanic yields, this processing strategy should be avoided for 
preventing the formation of any possible undesired polymerized products, which could 
eventually increase the solids yields at the expense of solubilized carbohydrates as indicated 
by the outcome of relatively high temperature (> 250 oC) and prolonged reactions. 
Conclusions 
1,4-Dioxane was used as a low polarity and low boiling point aprotic solvent for acid-
catalyzed depolymerization of cellulose into solubilized carbohydrates. This solvent offers 
the advantage of converting cellulose into high yields of solubilized carbohydrates and 
additionally involves an easy separation step from the sugar products due to its low boiling 
point. Levoglucosan was the major carbohydrate product in pure 1,4-Dioxane while a 
mixture of levoglucosan and glucose was prevalent in mixtures of 1,4-Dioxane and water. A 
high temperature, low acid concentration promoted levoglucosan production in 1,4-Dioxane. 
High temperature and low acid concentration enhanced the rate of levoglucosan production 
in comparison to the degradation rates of the anhydrosugar. A maximum yield of 51% was 
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achieved for levoglucosan at 350oC using 0.25 mM sulfuric acid in pure 1,4-Dioxane. 
Addition of 10 vol% water with 1,4-Dioxane increased yields of solubilized products and 
solubilized carbohydrates to 62% and 38%, respectively. Higher proportions of water and 
higher temperatures (e.g. 350oC) were detrimental to sugar yields due to increased rates of 
dehydration of monosaccharides to furfural and 5-HMF.  
The results are useful in developing solvent liquefaction for converting 
lignocellulosic biomass into sugars. A summary of the proposed qualitative optimal reaction 
conditions for cellulosic sugar production is given in Table 1 below. 
Table 1. Proposed qualitative optimum regime for maximizing carbohydrate yields from 
cellulosic biomass in 1,4-Dioxane 
Reaction parameter Proposed optimum 
Reaction time ≤ 10 min 
Reaction temperature ≤ 250 oC 
Acid concentration     ≥ 0.25 mM 
Co-solvent water    ≥ 10 vol% 
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Abstract 
Large-scale production of biofuels and chemicals will require cost-effective, 
sustainable and rapid deconstruction of cellulose and hemicellulose in waste biomass into its 
constituent sugars. Here, we introduce a novel two-step process for bench-scale production of 
solubilized, fermentable carbohydrates from hardwood biomass at high yield of 65% using a 
mixture of tetrahydrofuran (THF), water and dilute sulfuric acid. THF promotes acid-
catalyzed solubilization of lignin and hemicellulose in the biomass achieving 61% lignin 
extraction and 64% xylose recovery in a mild pretreatment step. The pretreatment opens up 
the structure of biomass by delignification and produces a cellulose-rich hardwood, which is 
readily solubilized at low temperature in a subsequent liquefaction process that employs the 
same THF/water mixture. Not only does this process achieve competitive sugar yields with 
significantly enhanced sugar productivity compared to conventional enzymatic hydrolysis 
and state-of-the-art solvent liquefaction methods, but it also offers a great potential for 
overcoming economic and sustainability barriers of cellulosic ethanol production by using 
THF which is relatively low-cost, easily separable from sugar products due to its low boiling 
point, has relatively low toxicity and can be derived renewably from biomass.  
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Introduction 
Lignocellulosic biomass is a promising sustainable resource for producing advanced 
biofuels to reduce dependence on petroleum based liquid fuels and lower greenhouse gas 
emissions [1-3]. Agricultural waste, forestry residue, and grasses are low-cost, abundant and 
renewable lignocellulosic biomass with a great potential for biofuel production. Cellulose, 
the most abundant component of biomass, can be depolymerized to its building units of D-
Glucose which could then be fermented to bioethanol or upgraded catalytically to other 
advanced biofuels such as 2,5-dimethylfuran [3, 4]. Similarly, hemicellulose can be 
converted to xylose, which is fermentable to ethanol by engineered microbes [5]. Lignin can 
also be utilized for manufacturing aromatic hydrocarbon fuels and various useful chemicals 
by biological and thermochemical pathways [6-8].   
The inherent structural recalcitrance of lignocellulosic biomass makes it highly 
difficult to be utilized as a feedstock for deconstruction. Lignocellulose comprises of 
cellulose, hemicellulose and lignin, which are three complex biopolymers intertwined 
together in a polymeric matrix. Cellulose is highly crystalline and has intensive intra- and 
intermolecular hydrogen bonding making it resistant to any physical, chemical or enzymatic 
degradation [9, 10]. Additionally, bonding with hemicellulose and lignin makes it 
challenging to access cellulose in the plant material. Lignin acts as a sheathing material to the 
polysaccharides to protect them against the attack of enzymes and chemicals [11, 12]. 
Clearly, the success of biomass conversion to produce fermentable sugars depends on the 
effectiveness of deconstructing lignocellulose into processable carbohydrates. 
Conventionally, a biological route using dilute acid pretreatment and subsequent enzymatic 
hydrolysis was developed to convert biomass into monosaccharides at high selectivity. 
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However, estimated cost of enzyme production could be as high as $1.47 per gallon of 
ethanol considering typical glucose yields of ~70% using 20 mg enzyme gglucan
-1 [13]. 
Furthermore, slow rates of bioconversions using enzymes could be an important limiting 
factor in the sustainable growth of this technology in future. Achieving glucose yields over 
70% may take up to days and often weeks using enzymatic hydrolysis process [14-18]. This 
requires high volume of reactor and thus involves high capital cost. Moreover, a higher mass 
loading of enzyme is required to increase rate of biomass conversion, which results into a 
higher cost of cellulosic ethanol production. Furthermore, enzyme activity can be greatly 
impeded in biomass saccharification due to incomplete removal/relocation of hemicellulose 
and lignin during pretreatment of biomass, which requires higher enzyme loading and thus 
increases costs significantly [14]. Since enzyme production takes up to 20% of operating cost 
of cellulosic ethanol production, it is imperative to improve upon the challenges of enzymatic 
hydrolysis process or develop more economical alternative technologies [19]. 
Many non-enzymatic saccharification processes have been explored throughout the 
last century with escalated research in thermochemical technologies in the last few years. The 
processes that have caught attention recently as alternatives to biological pathway are fast 
pyrolysis, ionic liquid process, acid hydrolysis, and molten salt hydrate process [20-25]. 
While each process has its merits producing up to 70-96% lignocellulosic sugars, most of 
them suffer from one or more of the following challenges: low selectivity due to vapor phase 
secondary reactions of sugars at high temperatures, high cost and difficulty of recovery of 
ionic liquid, use of corrosive mineral acid, expensive and complicated waste water treatment 
due to presence of toxic chemicals, use of water which depolymerizes biomass at 
considerably slow rates and may favor production of undesired humin from sugar 
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derivatives, and unavoidable loss of sugars due to conversion into furanic products during 
recovery of salt hydrate [26-29]. 
Solvent liquefaction using polar aprotic solvents is one of the most promising 
approaches for lignocellulosic sugar production among other thermochemical pathways in 
many aspects. Polar aprotic solvents are often low cost, environmentally friendly, and can be 
derived from biomass. These solvents are capable of catalyzing the depolymerization of 
cellulose to its carbohydrate monomers at rapid rates without forming high amount of 
degradation products and undesirable humin as by-product by dehydration of 
monosaccharides [30-34]. This type of solvent could reduce the apparent activation energy of 
hydrolytic depolymerization of cellobiose (structural unit of cellulose) to glucose by 38% 
compared to water [31]. Additionally, solvent-mediated reactions provide a dilute phase 
where secondary sugar degradation reactions can be suppressed easily as well as it allows for 
easy recovery of final carbohydrate products in solubilized form, which is essential 
requirement for fermentation. Solvent liquefaction also does not require energy-intensive 
drying of biomass feedstock and is operated at moderate temperatures and pressures [35]. 
Luterbacher et al. has demonstrated conversion of lignocellulosic biomass using γ-
valerolactone (GVL) as a polar aprotic solvent to produce 68% yield of soluble sugars at 
157-217oC in 2 h without using any enzymes [36]. Although the aforementioned process is 
state-of-the-art, the cost of commercially produced GVL is still high and thus the process 
demands highly quantitative recovery of the solvent. GVL has a high boiling point of 207-
208oC which necessitates implementation of a series of high pressure liquid CO2 extraction 
units [37]. The above extraction process is complicated and increases cost of ethanol 
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production significantly. Bai et al. has reported use of relatively low boiling point polar 
aprotic solvent, 1,4-Dioxane, for producing solubilized carbohydrates from switchgrass. 
However, this process employs high temperature and pressure for solvent liquefaction to 
keep the solvent from boiling, which might require high capital cost of reactor. We have 
showed that dilute acid catalyst could remove much of the differences among aprotic 
solvents of low and high polarity and boiling points achieving comparable cellulose sugar 
yields [38]. Nevertheless, low polarity and low boiling aprotic solvents were still used at 
elevated temperatures and pressures (up to 350 oC and 13 MPa) in the reactor.  
Herein, we report a new non-enzymatic route for enhanced production of 
lignocellulosic sugars using a low-boiling polar aprotic solvent, tetrahydrofuran (THF), with 
co-solvent water and dilute sulfuric acid as catalyst to improve upon the challenges of current 
solvent liquefaction strategies by considerably simplifying the solvent recovery process and 
allowing operation at low temperatures. Additionally, this approach aims at accelerating the 
saccharification reaction significantly over enzymatic hydrolysis by use of THF and dilute 
acid system for cellulose depolymerization [30, 38]. Thus this technique could be highly 
beneficial for large-scale production of sugar from biomass in a cellulosic ethanol 
biorefinery. This process employs THF-water co-solvent system to facilitate cellulose 
depolymerization at lower temperatures of solvent liquefaction by the virtue of increased 
solubilization of cellulose and its carbohydrate derivatives in subcritical water [39]. THF is 
also an excellent solvent for dissolving lignin and phenolic compounds [40]. Therefore, THF-
water could be an effective solvent medium for selectively fractionating and depolymerizing 
biomass. Furthermore, THF is well miscible with water at typical solvent liquefaction 
conditions. THF is a relatively inexpensive solvent, which can also be renewably derived 
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from biomass by hydrogenation of hemicellulose-sourced furfural [41, 42]. Additionally, 
THF is considerably less toxic (Occupational Safety and Health Administration Permissible 
Exposure Limit of 200 ppm) than many highly effective polar aprotic solvents such as 
dimethyl formamide, methylene chloride and dimethyl sulfoxide, which are often used for 
cellulose processing [43]. Thus this process can be an economic, green and sustainable 
substitute for current solvent-based cellulosic ethanol processes. 
The THF-water process reported here is designed with two reaction stages. The first 
step is a mild pretreatment that uses THF-water and acid catalyst aiming to solubilize part of 
hemicellulose and lignin to open up the structure of biomass. The pretreatment could 
generate a cellulose-rich feedstock that could be readily deconstructed into solubilized 
carbohydrates in the second step, termed as solvent liquefaction. We hypothesize that THF-
pretreatment should give rise to a more susceptible cellulosic feedstock for solvent-assisted 
depolymerization reaction similar to the enhancement in enzyme digestibility observed after 
chemical pretreatments of biomass [14, 40, 44-47]. The current work was undertaken to first 
optimize pretreatment of hardwood biomass in order to generate a largely delignified, 
cellulose-rich feedstock followed by rapid production of solubilized sugars at high yields and 
selectivity via subsequent solvent liquefaction. This study further attempts at separating THF 
using a one-step distillation to recover highly concentrated sugar products from biomass and 
compare the productivity of cellulosic sugars from this process with enzymatic and current 
solvent-based saccharification processes. 
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Experimental Section 
Materials 
Red oak containing 40.00 wt% glucan, 15.66 wt% xylan, 23.24 wt% lignin served as 
the biomass feedstock for this study. Table 1 presents the compositional analysis of red oak 
which was performed by Celignis Analytical. The air-dried red oak sample was ground and 
sieved to a particle size of 300-710 μm before use. D-Glucose (purity > 99%) was obtained 
from Fisher Scientific and D-Xylose (purity > 99%) and D-Sorbitol (purity > 98%) were 
shipped from Acros Organics. Carbosynth, UK, provided levoglucosan (LG, purity > 99.2%) 
and cellobiosan (purity > 98.7%) for the study. Furfural (purity > 99%) and 5-
hydroxymethylfurfural (5-HMF, purity > 99%) were purchased from Sigma Aldrich. HPLC 
grade and submicron filtered solvents tetrahydrofuran (THF), ethyl acetate, acetone and 
methanol were purchased from Fisher Scientific. Additionally, 96.6 wt% sulfuric acid 
(H2SO4) was obtained from Fisher Scientific. Deionized (DI) water at 18.2 MΩ was supplied 
on-site in the laboratory.  
Table 1. Composition of lignocellulose in red oaka 
 
Component Composition (wt%) 
Glucan 40.00 
Xylan 15.66 
Mannan 1.30 
Arabinan 0.34 
Galactan 0.92 
Klason lignin 20.29 
Acid-soluble lignin 2.95 
Extractives 6.85 
Ash 0.40 
Moisture 7.30 
Total mass 96.01 
aDetermined by Celignis Analytical. 
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Two-stage solvent liquefaction process  
Pretreatment of biomass 
Red oak was pretreated in a 500 mL Parker Autoclave Engineers EZE-Sealed 
Reactor. The biomass was loaded in the reactor at 5 wt% based on total mass of solvent 
mixture. The solvent mixture employed was 80/20 vol% THF/water with 2.5-10 mM sulfuric 
acid (0.5-2.0 wt% based on red oak weight) as catalyst. The reactor content was heated up to 
120 oC electrically. Nitrogen blanket was used inside the reactor. Mixing was accomplished 
at 200 rpm using an impeller system. The closed system during the reaction generated a 
nearly constant pressure of 42 psi and no additional pressurization using backpressure 
regulator valve was conducted. Reaction time was determined from the point when the 
temperature of reactor reached the set point and when the cooling began. A residence time of 
30-60 min was held for each level of acid catalyst used. After the reaction, the heating jacket 
was taken off and the reactor was cooled by convective cooling method (using fan) to 120 oC 
followed by use of liquid coolant at 10 oC to bring the reactor content to ambient temperature 
before sample processing. 
Solids and liquid from the pretreatment reaction were separated by vacuum filtration 
using ceramic filter and Whatman filter paper of 18.5 cm diameter and pore size of 0.45 μm. 
Acetone was flown through the solids during filtration for washing the residual solvent (THF, 
water) away. The filtrate was collected and used for recovery of lignin and xylose-rich 
fraction.  The solids were collected on filter paper and dried at 105 oC for 4 h to determine 
the yield of yield of pretreated red oak.  
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Lignin extraction and xylose recovery from pretreatment liquid  
The pretreatment liquid, which was the solubilized product of pretreatment, was 
further processed for lignin extraction and xylose recovery. DI water was added in the 
pretreatment liquid and the solution was allowed to settle for 24 h. Due to low solubility of 
lignin in water it precipitated from the pretreatment liquid after adding water as shown in 
Figure 1. A rotary evaporator (Heidolph, Germany) was used to flash THF off from the 
pretreated liquid after it was diluted with water to extract lignin at high purity. This was 
performed in a water bath maintained at 25oC and the evaporation was conducted at a 
reduced pressure of 90 mbar. Chiller at -10oC was used to condense the THF vapor in a 
collection flask. Upon removal of THF at 40 min, pretreatment liquid separated distinctly 
into two phases; a water-soluble clear solution and dark brown solid precipitate. The solid 
precipitate was dried at 50oC for 2 days and at 75oC for 1 day. The dried solid was weighed 
for mass of extracted lignin. Lignin extraction was computed using Equation (1) as below.  
𝐿𝑖𝑔𝑛𝑖𝑛 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) =
mass of lignin extracted from solubilized products of pretreatment 
mass of lignin in initial red oak
x100%
                                   (1) 
Water-soluble phase was filtered using glass fiber syringe-filters (Whatman) of pore 
size 0.45 μm to quantify carbohydrate products. This solution was hydrolyzed by the dilute 
acid hydrolysis method described in analytical methods section to determine total 
fermentable sugars achievable from pretreatment processing step. The process of 
pretreatment was duplicated for one condition of pretreatment (60 min pretreatment with 10 
mM sulfuric acid) and the lignin extraction and carbohydrate yields were reported based on 
the average results with standard error within 10% of mean.  
  
1
3
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Figure 1. Process flow diagram of two-step solvent liquefaction of red oak for production of fermentable, solubilized carbohydrates 
using 80/20 vol% THF/water and sulfuric acid catalyst in with integration of lignin extraction and xylose recovery. 
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Solvent liquefaction of biomass 
The dry pretreated red oak from pretreatment was used as the feedstock for solvent 
liquefaction stage. Mini-reactors assembled from Swagelok (316 SS) parts were used for 
solvent liquefaction experiments. Each reactor consisted of one 3/8-inch tube fitting union 
and two sealed plugs to construct a closed system. The pretreated red oak was loaded in the 
amount of 30 mg in a total solvent mixture of 1.2 mL comprising 80/20 vol% THF/water. 
Sulfuric acid was added as catalyst at concentration of 0.625-2.5 mM in total solvent. The 
reactors were tightly sealed. A fluidized sand bath (Techne Industrial Bed 51) was employed 
as the heating source for solvent liquefaction reactions. The reactor was dropped into the 
fluidizing bath and taken out at the end of desired reaction time. The fluidized bath was 
operated at 235-285oC as set point. Temperature profile of the solvent mixture with catalyst 
was obtained using a thermocouple attached inside the reactor and the resultant profile was 
subsequently used as basis for determining actual temperature and heating time of the reactor 
content. The reaction temperature range was 220-270oC. Because of high level of dilution of 
biomass in the solvent, it was assumed that any heat generation due to reaction was 
dissipated in the solvent medium therefore solvent temperature profile can be used for reactor 
content heating. Based on the temperature profile of solvent, the heating time determined was 
1.2 min. Reaction time was measured from the point when desired reaction temperature was 
attained till the time when the reactor was taken out of the fluidized sand bath before 
immersing into cold water. The range of reaction time tested was 0-12 min for this study. 
After cooling the reactor, the outer side of the reactor was washed with acetone to remove 
any water on the surface of reactor. The reactor was then air-dried and opened at room 
temperature. Masses of reactor contents before and after reaction, in both sealed and opened 
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conditions were noted. Liquid contents of the reactors were extracted using a pipette into a 
centrifuge tube and the solids were allowed to settle at the bottom of the long tube. The liquid 
carried both the solvent mixture and solubilized products with dilute acid. Filtration of liquid 
fraction was conducted using glass fiber syringe-filters (Whatman) of pore size 0.45 μm 
before analysis. Remaining solids were dried in an oven at 75oC overnight and weighed for 
solid residue yield based on initial biomass. Gas products were quantified by the mass 
difference of reactor before and after venting off non-condensable gases after cooling the 
reactor using Equation (2). Solubilized product yields were calculated from Equation (3). 
Each test was at least duplicated and the solubilized carbohydrate products were converted to 
glucose and xylose by dilute acid hydrolysis method as described in analytical methods 
section to determine total fermentable sugars achievable from the solvent liquefaction 
process. Hydrolysis products were analyzed and the average based on duplicate solvent 
liquefaction tests was reported. Standard errors of the presented yields in this work were 
within to 10% of the mean yields. 
The definitions of the yield of gases and solubilized products are given below:  
𝐺𝑎𝑠 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑡%) =
𝑀𝑎𝑠𝑠 𝑐ℎ𝑎𝑛𝑔𝑒 𝑎𝑓𝑡𝑒𝑟 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝑎𝑛𝑑 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 – 𝑀𝑎𝑠𝑠 𝑐ℎ𝑎𝑛𝑔𝑒 𝑎𝑓𝑡𝑒𝑟 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘
× 100%                    
            (2) 
𝑆𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑧𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑡%) = (1 −
mass of solid residue + mass of gas product
initial mass of feedstock
) × 100%  
            (3) 
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Solvent separation and sugar recovery 
As illustrated in Figure 2, solubilized products from solvent liquefaction of pretreated 
red oak in 80/20 vol% THF/water and 2.5 mM sulfuric acid was separated using a simple 
distillation setup at 80 oC and 1 atm for recovery of THF and concentrating solubilized 
carbohydrates in the water phase of solvent mixture.  
 
  
Figure 2. Schematic of distillation setup for recovery of THF and solubilized carbohydrates. 
Feed for distillation was solubilized products obtained from solvent liquefaction of pretreated 
red oak conducted at 220 oC for 2 min in THF/water with dilute acid catalyst. Distillation 
was performed at 80 oC, 1 atm followed by solvent and water wash of the bottom product of 
distillation containing sugars, furans and phenolics products of red oak solvent liquefaction. 
THF, Ethyl acetate 
Solubilized products in 
80/20 vol% THF/water 
Fresh water 
Distillation  
80 °C, 1 atm 
Distillate 
Bottoms 
Water-soluble carbohydrates 
(glucose, xylose, levoglucosan) 
Solvent-soluble products  
(phenolics, furans) 
Filtration 
Water-soluble products Water-insoluble products 
Filtration 
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The distillate was collected and analyzed for sugars and THF purity.  Fresh DI water 
was added into the bottom fraction of distillation to dissolve the water-soluble products and 
precipitate water-insoluble products. The phenolic products were recovered by diluting in 
THF and ethyl acetate. The solvent-soluble products were filtered and analyzed for phenolic 
monomers and furan. Presence of phenolic oligomers was also investigated using molecular 
weight distribution of distillation bottoms. The water-soluble products were filtered and 
analyzed to determine recovery of solubilized carbohydrates and existence of any trace 
amount of furans and phenolic monomers.  
Analytical methods 
In order to determine the total fermentable carbohydrates from pretreatment and 
solvent liquefaction steps dilute acid hydrolysis procedure was used in this study. All 
unhydrolyzed carbohydrates including higher molecular weight oligosaccharides (MW ≥ 
324), which were not detected in high performance liquid chromatography (HPLC) could be 
converted to C5 and C6 monosaccharides, glucose and xylose, which were easily quantifiable 
in HPLC system. Dilute acid hydrolysis was conducted in Ace glass reactors (6 mL capacity) 
with about 0.5 mL unfiltered solvent liquefaction product solution. The glass reactor was 
loaded with solvent liquefaction sample and 25 mM H2SO4 was added in the amount of 2.5 
mL for hydrolysis reaction. The concentration of dilute acid for this procedure was optimized 
to ensure no loss of sugar products during hydrolysis runs (Figure S2, Appendix D). 
Triangular stir bars were placed inside the reactors and the reactors were tightly sealed. They 
were placed in an oil bath set at 135oC and hydrolysis reaction was allowed to proceed for 44 
min. After hydrolysis, the reactors were taken out of the oil bath and cooled for 15 min to 
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bring the contents at room temperature. The liquid samples were then filtered and analyzed in 
HPLC twice for reporting average result.  
Hydrolyzed and anhydrosugars such as glucose, xylose, levoglucosan, sorbitol and 
cellobiosan were identified and quantified using HPLC system. The HPLC column that 
served as the chromatographic separation of the carbohydrates for this study was HyperREZ 
XP Carbohydrate H+ 8 μm (300 x 7.7 mm). The matrix was a 400 mM aqueous solution of 
sulfuric acid, which was flown through the column at 0.2 ml min-1 and 8 bar pressure at 25 
oC. Refractive Index (RI) detector was used for identification of the sugars. For 
quantification, standards of LG, glucose, cellobiose, cellobiosan, sorbitol and xylose were 
used. Glucose and xylose yields were presented as their theoretical yields from the raw 
biomass. Yields of other types of carbohydrate products (if any) were transformed into 
equivalent glucose or xylose yields before comparing them with the theoretical yields. 
Conversion factors of 1.111 for LG, 0.989 for sorbitol and 1.053 for cellobiosan were used 
for the above calculation. Finally, total solubilized carbohydrates yields were obtained by 
adding the total glucose and xylose yields by the method mentioned above and comparing it 
with the theoretical yield of total carbohydrates. The above procedure is illustrated below in 
Equation (4) through (6).  
The yields of solubilized carbohydrate products were determined as:  
𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑦𝑖𝑒𝑙𝑑 (%) =
concentration of glucose in solution ∗ volume of solution 
1.111 ∗ glucan content in red oak ∗ initial mass of red oak
 ×  100%  (4) 
𝑋𝑦𝑙𝑜𝑠𝑒 𝑦𝑖𝑒𝑙𝑑 (%) =
concentration of xylose in solution ∗ volume of solution 
1.136 ∗ xylan content in red oak ∗ initial mass of red oak
 ×  100%  (5) 
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𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑏𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒 𝑦𝑖𝑒𝑙𝑑 (%) =
glucose mass + xylose mass
(𝑓𝐶5∗ total pentosan content in red oak) +  (𝑓𝐶6∗ total hexosan content in red oak)  ∗ initial mass of red oak
x100% 
                       (6) 
A Gas Chromatograph with Mass Spectrometer and Flame Ionization Detector 
(Agilent 7890B GC-MS/FID) was employed to analyze solubilized products from solvent 
liquefaction step. Products were identified by means of the MS followed by quantification 
using the FID. The GC hosted two capillary columns of type Phenomenex ZB 1701 (60 m x 
0.250 mm and 0.250 μm film thickness) for separating the products. The columns were 
individually connected to the MS and FID. The back detector of FID and the injection port of 
GC were held at 250 and 300oC, respectively. Flow rate of helium as carrier gas was 1 mL 
min-1 and 1 μL volume was used for injection. Temperature of GC oven was raised from 40 
(3 min hold) to 240oC (4 min hold) at a heating rate of 3oC min-1. Quantitative calibration 
was performed in GC-FID with 5-HMF, and furfural. Furanic compounds, furfural and 5-
HMF, and carbohydrate monomer AGF were detected using GC-MS and calculated from 
Equation (7).  
Mass yield was computed using Equation (7) as below to evaluate distribution of 
various solubilized, solid and gaseous products during combined pretreatment and solvent 
liquefaction of biomass to perform overall mass balance. 
𝑀𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑡%) =
mass of product  
initial mass of red oak
 ×  100%      (7) 
Gel permeation chromatography (GPC) was employed to determine molecular weight 
distribution of phenolic compounds in solubilized products of pretreatment and solvent 
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liquefaction, extracted lignin from pretreatment, distillation bottoms and water-soluble 
products recovered from distillation. GPC was conducted in Dionex Ultimate 3000 series 
HPLC system equipped with a Shodex Refractive Index (RI) detector and Diode Array 
Detector (DAD). Two GPC columns (3 μm, 100 Å, 300 x 7.5 mm; PLgel, Agilent, p/n 
PL1110-6320) were connected in series and maintained at 25oC. THF was used as the eluent 
with a flow rate of 1 mL min-1. The calibration for GPC analysis was performed with six 
polystyrene standards (Agilent EasiVial, PL2010-0400) of molecular weights ranging from 
162-50,000 Da approximately.  Ultraviolet wavelength of 254 nm was used to detect 
phenolic compounds. The structure of phenolic compounds (monomer if MW is 94-185 and 
oligomer if 185 < MW < 1220) was estimated using available data in literature on phenolics 
of pyrolytic bio-oil [48]. Since certain carbohydrate monomers such as levoglucosan could 
co-elute with the compounds in monomer range of phenolics in GPC, phenolic monomers 
were analyzed strictly in GC-MS for solubilized products from different steps of red oak 
liquefaction. GPC spectrum, on the other hand, was only used for analysis of phenolic 
compounds with dimer and larger molecular structure in this study.  
 
Results and Discussion 
Optimization of biomass pretreatment conditions  
Total fermentable sugar yields were determined over a range of pretreatment times 
and acid concentrations to optimize the pretreatment condition for sugar production from 
combined pretreatment and solvent liquefaction steps. Water-soluble fraction from 
pretreatment of red oak after THF recovery and filtration of lignin residue was hydrolyzed 
using 25 mM aqueous sulfuric acid to determine total fermentable sugars achievable from 
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pretreatment step. Post-hydrolysis water-soluble fraction of pretreatment consisted primarily 
of xylose with small quantities of glucose, sorbitol, levoglucosan and cellobiosan. The 
presence of levoglucosan and cellobiosan indicates incomplete reaction during acid-
hydrolysis analysis while appearance of sorbitol indicate hydrogenation of glucose likely due 
to presence of alkali and alkaline earth metals inherently present in red oak that may act as 
hydrogenation catalyst [49]. The yields of the above sugars were converted to their combined 
equivalent glucose yields to represent the total C6 monosaccharide production in 
pretreatment. Furthermore, xylose yields did not increase during hydrolysis test indicating 
absence of any xylo-oligosaccharides in the water-soluble fraction of pretreatment products 
that could potentially result in increased C5 monosaccharide yield.  
Figure 3 (a) shows the total glucose and xylose yields obtained from water-soluble 
fraction of the pretreatment liquid at increasing acid catalyst level and different pretreatment 
times. The xylose yields at each concentration level of acid catalyst increased with increasing 
pretreatment time. Especially, this increase in xylose yield was more pronounced at higher 
acid concentrations. For instance, xylose yield increased from 0.1% at 30 min to 0.9% at 60 
min during pretreatment with 2.5 mM H2SO4 while the yield was raised from 40.8% to 
63.5% for the same change of pretreatment time at 10 mM concentration of acid catalyst. For 
a certain pretreatment time, xylose yield monotonically increased with respect to increasing 
acid catalyst concentration. As shown in Figure 3 (a), xylose yields changed from 0.9% to 
63.5% when acid concentration changed from 2.5 to 10 mM at 60 min of pretreatment. It is 
important to note that glucose yields remained in the range of 0.2-3.8% and they were fairly 
unaffected over the range of different pretreatment conditions. This suggests that cellulose 
deconstruction was almost negligible during pretreatment and most of the solubilization 
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could be attributed to hemicellulose as reflected by high xylose yields. Optimum condition of 
pretreatment was chosen as 10 mM acid concentration and 60 min duration as this resulted in 
maximum xylose yield. 
 
Figure 3. (a) C5 and C6 monosaccharide yields and (b) lignin extraction from pretreatment of 
red oak at 120 oC at different pretreatment times and levels of sulfuric acid catalyst in 80/20 
vol% THF/water mixture.  
 
0
10
20
30
40
50
60
70
80
2.5 5 10
C
a
rb
o
h
y
d
ra
te
 y
ie
ld
 (
%
)
Acid concentration (mM)
Glucose at 30 min Glucose at 60 min
Xylose at 30 min Xylose at 60 min
(a)
0
10
20
30
40
50
60
70
2.5 5 10
L
ig
n
in
 e
x
tr
a
c
ti
o
n
 (
%
)
Acid concentration (mM)
30 min 60 min (b)
145 
 
 
Lignin residues extracted from water-insoluble fraction of the solubilized product of 
red oak pretreatment was studied as a function of acid catalyst concentration and reaction 
times used in pretreatment (Figure 3 (b)). A higher acid catalyst level for a particular 
pretreatment time led to higher degree of lignin removal from raw biomass. Additionally, 
longer pretreatment time produced higher amount of extracted lignin during pretreatment. 
Although the lignin extraction at 2.5 mM acid concentration did not increase at longer 
pretreatment time, the aforementioned effect of time was reflected at and beyond 5 mM acid 
concentration. The lignin extraction increased from 32.1% to 37.2% at 5 mM acid level and 
47.8% to 61.1% at 10 mM acid level due to increase in reaction time from 30 to 60 min. 
Furthermore, at any given pretreatment time, the extraction of lignin was higher at higher 
acid concentration. At 60 min of operation, lignin extraction was raised from 10.1% to 61.1% 
by increasing the concentration of acid catalyst from 2.5 to 10 mM during THF/water 
pretreatment. In this study, the optimum pretreatment condition observed for xylose yield 
appeared to be the same for maximizing lignin extraction. The corresponding yield of 
pretreated red oak at the above pretreatment optimum was 56 wt% based on initial red oak 
(Figure S1, Appendix D). Pretreated red oak after effective solubilization of hemicellulose 
and lignin fractions was used as a feedstock to the subsequent solvent liquefaction step for 
deconstructing rest of the biomass into solubilized carbohydrates. 
Enhancement of carbohydrates yields by solvent liquefaction of pretreated biomass 
A preliminary screening study was conducted for understanding the effect of different 
reaction parameters including temperature, time, co-solvent proportion, and acid 
concentration on sugar yields from solvent liquefaction of pretreated red oak and the results 
are illustrated in Figure S3 of Section 3 in Appendix D. An optimum condition of 220oC and 
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2 min of reaction in 80/20 vol% THF/water with 2.5 mM H2SO4 was selected for solvent 
liquefaction step based on the outcome of the above study. As depicted in Figure 4 (a), 
solvent liquefaction of pretreated red oak reached a total carbohydrate yield of 65% while it 
could only produce up to 41% total carbohydrates from untreated red oak under the same 
reaction condition. Thus the combined pretreatment and solvent liquefaction was more 
effective in releasing solubilized carbohydrates from biomass than solvent liquefaction 
without any pretreatment.  
 
 
Figure 4. (a) Total solubilized carbohydrates yield and (b) Glucose and xylose individual 
yields from combined pretreatment and solvent liquefaction using 80/20 vol% THF/water. 
Pretreatment was performed using 80/20 vol% THF/water at 120 oC with 10 mM H2SO4 at 
60 min and solvent liquefaction was performed in the same solvent mixture at 220 oC using 
2.5 mM H2SO4 for 2 min of residence time. 
 
The carbohydrate products from solvent liquefaction consisted of glucose, xylose and 
levoglucosan, which were further hydrolyzed to glucose and xylose by dilute acid to indicate 
the amount of fermentable C6 and C5 carbohydrates produced from untreated and pretreated 
red oak via solvent liquefaction. Figure 4 (b) exhibits that yield of both glucose and xylose 
from solvent liquefaction of THF-pretreated red oak were higher than untreated red oak. 
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However, glucose yields realized a dramatic improvement from 27% from untreated biomass 
to 60% from biomass with pretreatment while xylose showed a considerably small increase 
of yield from 82% to 89% due to pretreatment. Thus the enhancement of total carbohydrate 
yields in combined pretreatment and solvent liquefaction processing of biomass could be 
largely attributed to the increase in glucose production facilitated by pretreatment.  
Product distribution of combined pretreatment and solvent liquefaction 
The mass yield of solubilized products and solid residues from combined 
pretreatment and solvent liquefaction steps based on initial untreated red oak is presented in 
Figure 5. Total mass closure was 96.3 wt% on initial biomass basis as shown in Figure 5. 
Herein, other components include extractives, ash and moisture of untreated red oak. Red oak 
produced a total yield of 67.4 wt% solubilized products with negligible gases in the 
combined two-step liquefaction process. The above solubilization does not include 
extractives and moisture as products of the liquefaction process. In pretreatment, 
solubilization of initial red oak was up to 44 wt% whereas solvent liquefaction was capable 
of solubilizing 85.7 wt% of the pretreated red oak.  
In the solubilized products of the two-step process, C6 and C5 carbohydrates had mass 
yields of 29.0 wt% and 14.8 wt%, respectively. The yields of hydrolyzed sugar products were 
adjusted for anhydro-correction to avoid overestimation of sugars due to additional mass of 
water. Levoglucosan isomer, AGF, appeared in small amount of 1.5 wt% in the solubilized 
products of pretreated red oak. Dehydration products, levoglucosenone and furfural, were 
also found in trace amount in the above solution. Since dilute acid-hydrolysis test did not 
result in increased monosaccharide production after pretreatment and solvent liquefaction, it 
was presumed that no gluco- and xylo-oligosaccharides were in the water-soluble products of 
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the liquefaction process. Solubilized products also included dehydrated furanic compounds 
of monomeric sugars such as 5-HMF and furfural produced at 5.1 wt% and 4.3 wt% yield, 
respectively on initial red oak basis. The above furans were mainly found as products of 
solvent liquefaction step. This translated as a 96.7 wt% solubilization of total polysaccharides 
in the biomass into monomeric carbohydrate products and their furanic derivatives. 
Additionally, it was noted that the ratio of yield of solubilized carbohydrates to all products 
of polysaccharides (solubilized carbohydrates and dehydration products) was 77.8 wt% 
indicating that combined THF/water liquefaction process is a highly selective method for 
producing solubilized sugars from biomass. 
 
Figure 5. Product distribution of solids and liquid products from pretreatment and solvent 
liquefaction of red oak. Pretreatment was performed using 80/20 vol% THF/water at 120 oC 
using 10 mM H2SO4 for 60 min and solvent liquefaction was carried out in the same solvent 
system at 220 oC using 2.5 mM H2SO4 for 2 min of residence time.  
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Phenolic monomers were scarce in the solubilized products of the combined two-step 
liquefaction of red oak. Only phenolic compound detected in GC-MS in trace amount was 2-
methoxy-4-propylphenol. 
The molecular weight distribution of extracted lignin and solubilized products of 
pretreatment and solvent liquefaction was performed through GPC analysis to track phenolic 
products of red oak. As discussed earlier, this analysis mainly focused on capturing the dimer 
and larger molecular weight phenolic products rather than monomeric species derived from 
lignin.  
Table 2. Average molecular weight of extracted and solubilized lignin and phenolic products 
of red oak pretreatment and solvent liquefaction 
 
GPC analyte 
Number average 
molecular weight, 
Mn (Da) 
Weight average 
molecular weight, 
Mw (Da) 
Milled red oak lignina 2261 6457 
Organosolv red oak ligninb 495 765 
Extracted lignin from pretreatment  664 1593 
Solubilized product of pretreatment 436 1113 
Solubilized product of solvent liquefaction  273 684 
Recovered products in distillation bottom 262 1351 
Water soluble products in distillation bottom  144 157 
Water insoluble products in distillation bottom 111 128 
a, b Adapted from available data on milled wood red oak lignin and organosolv red oak lignin 
in literature [50]. 
 
The number average and weight average molecular weights of different products of 
red oak liquefaction are presented in Table 2. As shown, extracted lignin from pretreatment 
exhibited a high molecular weight of Mn 664 Da and Mw 1593 Da, which were in between 
molecular weights of milled red oak lignin and organosolv red oak lignin. This suggests that 
lignin extracted by THF/water pretreatment in this work might have undergone milder 
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modification in chemical structure than traditional organosolv processes and the lignin of this 
study may resemble close enough to milled red oak lignin structure. In this context, 2D 
Heteronuclear Single Quantum Coherence Nuclear Magnetic Resonance (HSQC NMR) 
study of the extracted lignin could help determine if our process could preserve the native 
structure of lignin during pretreatment.  
According to Table 2, solubilized product of pretreatment showed Mn as 436 Da and 
Mw as 1113 Da, resembling the extracted lignin characteristics due to high amount of lignin 
present in solubilized fraction of pretreatment (Figure S4 (a) and (b), Appendix D). On the 
other hand, solubilized products of solvent liquefaction had Mn of 273 and Mw of 684, which 
indicates that lignin was converted to relatively low molecular weight phenolic compounds 
during solvent liquefaction step (Figure S4 (c), Appendix D). This may be attributed to use of 
a considerably higher temperature in solvent liquefaction of pretreated biomass that could 
help in cracking lignin into shorter chain aromatic molecules. Therefore, it may be inferred 
that the portion of lignin in red oak that was solubilized during pretreatment retained its 
highly polymeric structure while the portion of lignin that was solubilized during solvent 
liquefaction had undergone depolymerization to phenolic oligomers. 
As shown in Figure 5, lignin was extracted in the form of a solid residue with 14.2 
wt% mass yield from water-insoluble fraction of pretreatment. The above residue was 
investigated for its chemical purity as technical lignin. Pyrolysis of the lignin-rich residue 
suggested that a high proportion of phenolic compounds existed in this residue compared to 
little or no product from cellulose in the biomass (Figure S5 (D), Appendix D). The lignin 
residue produced furfural as one of the major compounds in its pyrolysis products, which 
may be due to presence of either water-insoluble xylo-oligomers that co-precipitated with 
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lignin during its extraction. Figure 5 also shows that a solid residue was recovered at 14.5 
wt% mass yield after solvent liquefaction of pretreated red oak. It was expected that this solid 
residue would contain mostly unconverted cellulose, hemicellulose and undepolymerized 
lignin. Analytical pyrolysis of the solid residue of solvent liquefaction showing large peak of 
levoglucosan as product and many phenolic compounds corroborates the above hypothesis 
(Figure S5 (C), Appendix D). The details of the aforementioned analytical pyrolysis results 
for determining the semi-quantitative composition of extracted lignin from pretreatment is 
provided in Section 5 of Appendix D. A fully quantitative compositional analysis of the 
above two solid residues was outside the scope of this paper due to inadequate sample size 
involved. 
 
Significance of delignification in solvent liquefaction of biomass  
Relationship between delignification and polysaccharide solubilization 
Since pretreatment can contribute to a significant part of total capital and operating 
costs of a cellulosic biorefinery, it is imperative to evaluate its importance in the process 
development studies. As discussed earlier, lignin acts a protecting sheath to polysaccharides 
in biomass and hence it was hypothesized that a relationship must exist between degree of 
lignin extraction and polysaccharide solubilization. In order to explore the above 
relationship, C5 and C6 monosaccharides yields were plotted with respect to increasing extent 
of lignin removal as shown in Figure 6 (a) and (b). Depending on the major monosaccharide 
produced, pretreatment and solvent liquefaction steps were studied individually to understand 
the effect of delignification on the solubilization of each type of major polysaccharides 
(glucan and xylan) in the biomass.  
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Figure 6. Recovery of (a) xylose in pretreatment step and of (b) glucose in solvent 
liquefaction step for red oak two-step liquefaction process 
 
Xylose yields from pretreatment were also studied at different levels of lignin 
separation. Figure 6 (a) shows that with increasing lignin extraction during pretreatment, 
xylose yields increased monotonically from 0.1% at 12% delignification to 63.5% at 61% 
lignin extraction. Figure 6 (b) illustrates the relationship of glucose production in solvent 
liquefaction step with the parts of lignin removed in pretreatment step. Glucose yields 
enhanced from 27.1% at 0% lignin extraction (untreated red oak) to 59.7% at 61% lignin 
extraction from the biomass. The glucose release steadily increased in between 0% and 61% 
delignified with 47.9% yield at 12% lignin extraction and 46.8% yield at 33% removal of 
lignin. The above observations suggest that cellulose and hemicellulose became more 
susceptible to depolymerization by the action of co-solvents THF and water and acid catalyst 
as lignin was largely disintegrated from the biomass. It was noted that at least 3/5th or more 
of the native lignin should be dislodged from biomass as soluble to obtain effective 
solubilization of both cellulose and hemicellulose. 
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Effect of pretreatment on enriching biomass with glucan  
The composition of structural carbohydrates and lignin was compared between 
untreated and pretreated red oak for understanding the effect of pretreatment on these 
biomass components.  
 
Figure 7. Composition of untreated and pretreated red oak solids on dry basis. Pretreatment 
of red oak was performed in 80/20 vol% THF/water at 120 oC using 2 wt% H2SO4 (on initial 
red oak basis) as catalyst for 60 min. 
 
Figure 7 shows that untreated red oak composed of 40.00 g glucan, 15.66 g xylan, 
23.24 g lignin and 7.25 g other components based on 100 g of initial dry red oak. However, 
pretreatment remarkably altered the distribution of aforementioned carbohydrates and lignin 
in red oak. Pretreated red oak exhibited a composition as following; 34.50 g glucan, 5.10 g 
xylan, 10.86 g lignin and 5.54 g other components based on 100 g of initial dry red oak. 
While glucan content reduced due to pretreatment by only 14%, loss of xylan and lignin 
during pretreatment process were significantly higher. Xylan reduced by 67% while lignin 
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reduced by 53% after pretreatment compared to their masses in initial red oak. This clearly 
indicates that pretreatment could effectively solubilize hemicellulose and lignin fractions of 
biomass, rendering the pretreated biomass enriched with glucan. Thus the pretreated biomass 
could be more susceptible to deconstruction in subsequent solvent liquefaction step, which 
was aimed at solubilizing C6 carbohydrates of red oak. This observation is in good agreement 
with the effect of delignification in pretreatment step reflected in improved glucose recovery 
in subsequent enzymatic hydrolysis.  
Effect of pretreatment on opening up lignocellulosic structure 
The effect of pretreatment was further analyzed by Scanning Electron Microscopy 
(SEM) images of raw and pretreated red oak. Due to a highly heterogeneous structure of 
lignocellulosic biomass, particle areas of common features were compared between untreated 
and pretreated biomass. It appears from Figure 8 (a) that the outer surface of raw red oak was 
tight, highly ordered with a hard texture. This is typically due to formation of a polymeric 
matrix by the intertwining action between cellulose, hemicellulose and lignin. However, the 
polymeric matrix of lignocellulose completely collapsed upon THF/water pretreatment. 
Figure 8 (b) shows that pretreated red oak had significantly different macro- and 
microstructures. There are multiple porous regions that appeared after pretreatment. It could 
be attributed to extensive removal of lignin.  The edges of these pores were heavily wrinkled, 
which could imply that the structural strength of the polymer was lost and it became more 
susceptible to modification by the solvent and acid catalyst. Additionally, Figure 8 (b) 
indicates that a number of microgrooves were formed in pretreated red oak. These grooves 
may be due to a deep penetration of the solvent and acid catalyst into the biomass structure, 
which might have became possible upon removal of lignin sheath. Figure 8 (c) was another 
155 
 
 
chosen part of area that resembled the area in raw red oak. This part also showed distinct 
textural differences with visible holes, cracks and rips on the surface compared to rigid 
surface of the untreated red oak. In sum, the pretreated biomass can be distinguished from 
raw biomass as significantly more delignified with more exposed surface area and penetrable 
microstructures that could have led to increased reactivity of the cellulose-rich solid from 
pretreatment in solvent liquefaction step. 
     
 
 
 
Figure 8. SEM images of solids (a) untreated red oak, (b) pretreated red oak area 1 and (c) 
pretreated red oak area 2. Pretreatment was conducted at 120 oC for 60 min using 80/20 vol% 
THF/water mixture with 2 wt% sulfuric acid catalyst (of red oak). The images were taken at 
1500X magnification by SEM instrument and scale bar is 20 μm as shown. 
 
(a) (b) 
(c) 
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THF separation and sugar recovery  
Separation of THF and recovery of water-soluble carbohydrate product was achieved 
by a simple distillation operation of solubilized products obtained from solvent liquefaction 
of pretreated red oak. Figure 9 (a) and (b) illustrate that the feed to distillation contained 
glucose, xylose and levoglucosan as major carbohydrate products, all of which migrated to 
the bottom fraction of distillation. On the other hand, the distillate fraction had no solubilized 
carbohydrates. As shown in Table 3 recovery of glucose, xylose and levoglucosan in the 
bottom fraction individually was 106%, 101%, and 83%, respectively while the total 
recovery of these above sugars was 99% in the same fraction. Loss of xylose and 
levoglucosan could be attributed to minor hydrolysis or degradation occurring during 
prolonged distillation at bench-scale setup. This effect could easily be avoided in a flashing 
unit at large-scale operation for THF separation from the solubilized products of biomass.  
 
Figure 9. HPLC Chromatogram of (a) solubilized products fed to distillation, and of (b) 
products recovered after distillation. Round dotted line and dashed line represent bottom 
products of distillation containing water-soluble products and distillate containing THF, 
respectively. Distillation was performed on solvent liquefaction products of pretreated red 
oak at 80 oC, 1 atm. 
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Table 3. Recovery of THF and water-soluble carbohydrate products 
Distillation 
Fraction 
Contents THF Recovery Sugar Recovery 
Distillate 
THF (almost pure, 
with low level of 
contaminants) 
106.3% 0.0% 
Bottom 
Water and recovered 
products of solvent 
liquefaction 
0.3% 
Glucose: 106 ± 4% 
Xylose: 101 ± 10% 
Levoglucosan: 83 ± 5% 
Total sugars: 99 ± 7% 
 
Table 3 also shows that THF was recovered at high efficiency by one-step simple 
distillation in this work. Overall recovery of the solvent in distillate fraction was 106.3% 
while a trace amount of 0.3% remained in the bottom fraction after distillation (Figure S6 
(C), Appendix D). Mass balance of distillation operation indicates a loss of overall 6% 
material due to experimental error as given in Table S1 and S2 of Appendix D and it could 
contribute to over 100% recovery of THF. Nevertheless, the separated THF was almost pure 
with minor contamination and should be easy to recycle in the pretreatment and solvent 
liquefaction units for large-scale applications. We also investigated thermocatalytic stability 
of THF at the reaction condition of solvent liquefaction. GC-FID peak area analysis indicates 
that only 0.1% of THF decomposed during each cycle of solvent liquefaction at 220 oC 
producing mainly 1,4-butanediol. Thus acid-catalyzed THF/water system may be regarded as 
a robust, recyclable and sustainable solvent medium for producing lignocellulosic sugars.  
The bottom fraction of distillation appeared dark brown in color as shown in Figure 
S6 (a) in Appendix D, which could be due to presence of phenolic monomers and oligomers. 
GPC of bottom product indicates that phenolic oligomers were present in the recovered 
products from solvent liquefaction of pretreated red oak with an average Mn of 262 Da and 
Mw of 1351 Da as illustrated in Table 2. However, after washing the bottom products with 
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water followed by filtration, there were no phenolic oligomers prevalent in the water-soluble 
products. Additionally, GC-MS of filtered water-soluble products showed no evidence of 
phenolic monomers and furanic compounds in it. The monomer compounds indicated by 
Table 2 for water-soluble product of red oak liquefaction was suspected to be levoglucosan 
as it can be eluted by THF during GPC analysis. The presence of levoglucosan was 
confirmed by GC chromatogram of water-soluble products. On the other hand, solvent-
washed and filtered water-insoluble fraction of distillation bottoms had trace furans and 
phenolic monomer (Mn = 111 Da and Mw = 128 Da) only, which suggests that washing with 
THF and ethyl acetate helped in extraction of the furanics and some of the phenolic products 
out of the solubilized products after distillation leaving behind only carbohydrates in the 
water-soluble phase (Figure S6 (d), Appendix D). It is important to note that THF and ethyl 
acetate amounts were not adequate to dissolve all of the water-insoluble phenolic products 
that precipitated after adding water in the distillation bottoms (Figure S6 (b), Appendix D). 
Thus water-insoluble products showed a significantly lower average molecular weight 
compared to distillation bottoms (Table 2). In principle, a high ratio of THF to phenolic 
products (4430:1) should be able to dissolve all of the phenolics from the solution as often 
applied for analysis of pyrolytic bio-oil [51]. The GPC chromatograms of different 
distillation bottoms and its fractions after water and solvent washes are given in Figure S4 
(d), (e), (f) in Appendix D.  
Proposed process of cellulosic ethanol production via THF-process  
Concentration and productivity of sugars for large-scale application 
Table 4 represents the concentrations and productivity of lignocellulosic sugars for 
various cellulosic ethanol-producing processes based on the available data in literature and 
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that estimated from this work. The feedstock for this analysis was pretreated biomass and the 
sugar of interest was glucose as this is the primary sugar for manufacturing ethanol via 
fermentation. Additionally, only the saccharification steps of biological and solvent-based 
processes were compared instead of pretreatment steps as production of glucose occurs 
chiefly in the former processing step. As shown in Table 4, enzymatic hydrolysis process 
could produce over 100 g L-1 of glucose. However, the productivity of glucose is only 0.7 g 
L-1 h-1 owing to considerably slow rate of bioconversion [52]. On the contrary, the non-
enzymatic GVL liquefaction process could produce glucose concentrations up to 127 g L-1 
with a high productivity of the sugar at 64 g L-1 h-1[36]. Our work demonstrated at batch 
mode gives rise to 125 g L-1 total solubilized carbohydrates concentration at 3 wt% biomass 
loading in the reactor, with an estimated productivity of 3759 g L-1 h-1 due to a rapid 
solubilization of biomass. The solubilized carbohydrate solution contained 66 g L-1 of 
glucose, 22 g L-1 of levoglucosan i.e. 91 g L-1 of fermentable glucose and 37 g L-1 of xylose. 
This work could further be intensified at a semi-continuous reactor with 7 wt% biomass 
charge producing 298 g L-1 of total sugars with 8949 g L-1 h-1 productivity. The glucose 
concentrations observed and predicted for this work are well within the fermentation titer 
requirement for ethanol production and could be diluted easily if required prior to 
fermentation. Additionally, the remarkably high productivity of glucose in THF/water 
process shows more economical benefit on scale-up compared to enzymatic hydrolysis and 
state-of-the-art GVL-process. However, it must be noted that the heating period of reactor at 
large scale could considerably alter the total time of glucose production and thus an effective 
reactor and feeding system is imperative for manifestation of the enhanced productivity. 
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Table 4. Estimation of concentration and productivity of lignocellulosic sugars for scale-up 
Process 
Pretreated 
biomass 
loading (wt%) 
Sugar 
concentrationa 
(gL-1) 
Sugar productivity 
(gL-1h-1) 
Enzymatic hydrolysisb 15 114 0.7 
GVL flow throughc  7 127 64 
THF batch (this work) 3 125 3759d 
THF flow through (estimated) 7 298 8949e 
a total sugars include glucose, levoglucosan and xylose 
b, c Ref. 52 and 36, respectively  
d, e excluding analytical dilute acid hydrolysis step  
 
Proposed process flow diagram for cellulosic ethanol production  
A simple block diagram is proposed in Figure 10 for cellulosic ethanol production via 
solubilized carbohydrates from lignocellulosic biomass. Wet biomass can be directly loaded 
in a high-solids reactor (e.g. 20-50 wt% solid loading) that is rapidly heated at pretreatment 
temperature by steam injection as in a steam explosion reactor (Fig. 10, item 1) [53]. This 
ensures short reaction time and a uniform temperature inside the reactor. Additionally, this 
type of reactor is able to use larger particle size of biomass and hence can avoid energy-
intensive comminution process like grinding [54]. Moreover, pressure release at the exit can 
result in fast cooling of the reactor content to about low enough temperature to stop further 
reactions. The solid pretreated red oak from pretreatment reactor can be separated in a 
settling tank (Fig. 10, item 2) and subsequently transferred to the solvent liquefaction unit 
downstream. For easy transport of the solids, a stream of water may be added at the bottom 
of the pretreatment reactor after it has been depressurized post-reaction.  
  
1
6
1
 
 
Figure 10. Proposed block diagram of cellulosic ethanol production via solubilized carbohydrates with THF recovery and recycle 
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The liquid from the settling tank (top fraction) could be flashed for THF-recovery 
(Fig. 10, item 3). This operation should precipitate lignin from its soluble state in THF. 
Lignin recovered can be used to manufacture chemicals and fuels by suitable upgrading 
technology or at least combusted as solid fuel for stationary power generation. The water-
soluble stream from distillation column is a xylose-rich liquid that can undergo neutralization 
with lime (Fig. 10, item 6) before it can be utilized by the microbes in the fermenter. 
  The solvent liquefaction of cellulose-rich solids from pretreatment can be conducted 
in a steam-injected explosion reactor as shown in Figure 10, item 4. Achieving a high heating 
rate followed by rapid quenching is essential for success of solvent liquefaction to 
depolymerize cellulose in solubilized carbohydrates in a very short time (e.g. 2 min) without 
further degradation of the sugars. In the following step, the solubilized products could be 
delivered to the neutralization unit (Fig. 10, item 6) wherein lime can be added to neutralize 
sulfuric acid carried over from previous processing stages. The liquid from this unit can then 
be flashed (Fig. 10, item 7) to recover THF. THF flashed at 95% dryness after pretreatment 
and solvent liquefaction may be recycled to these reactor units. If an azeotrope of THF/water 
were formed at 95%, it would not require further drying of THF since the both of these 
reactors use 20 vol% of water as co-solvent. Further separation of THF from water and 
furanics (furfural, 5-HMF) may be achieved using an azeotropic distillation (Fig. 10, item 9).  
The water-soluble fraction from the flash column containing mainly glucose, 
levoglucosan and xylose would be highly concentrated in the aqueous phase due to removal 
of THF. This sugar stream is to be delivered to the fermenter (Fig. 10, item 8) for production 
of ethanol. Conventional yeast e.g. Saccharomyces cerevisiae can be employed for 
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conversion of glucose whereas engineered microorganisms are to be applied to utilize xylose 
and levoglucosan in fermentation [5, 55]. In this regard, designing two separate fermenters 
for C5 and C6 carbohydrates may be more practical. Depending on economic feasibility, the 
solubilized carbohydrates may be also be hydrolyzed to more easily fermentable sugars, 
glucose and xylose, prior to sending them stream to the fermentation reactor.  
 
Conclusions 
We developed a novel pathway for saccharification of biomass using THF/water and 
dilute acid mixture to overcome current challenges of biological and thermocatalytic 
processes for bioethanol production. THF solvent mixture could partially solubilize lignin 
and hemicellulose by 61% and 64%, respectively, in a mild pretreatment step that enabled a 
rapid deconstruction of the delignified cellulose-rich biomass into solubilized, fermentable 
carbohydrates reaching up to 65% yield within a few minutes at low temperature. This two-
step process achieved a maximum of 67% glucose yield and 89% xylose yield, which are not 
only comparable with common biological and thermocatalytic saccharification processes, but 
it also exhibited two to four orders higher volumetric productivity of lignocellulosic sugars 
than these above processes. Furthermore, THF was separated by one-step simple distillation 
at 80 oC, 1 atm with quantitative recovery without significant thermal degradation under the 
reaction condition. The solubilized carbohydrates were extracted at 99% recovery in water 
with no phenolic and furanic contaminants present after distilling THF. Since THF is a 
relatively low-cost, low-toxicity, biomass-sourced renewable solvent offering great ease of 
recovery and recycling, this process could be a competitive alternative for cellulosic sugar 
production in future.  
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CHAPTER 6.    CONCLUSIONS AND FUTURE WORK 
Conclusions 
Solvent liquefaction using polar aprotic solvents is a promising approach for 
production of biofuel precursor sugars from lignocellulosic biomass. However, there are 
several technical barriers to commercial development.  These barriers were investigated in 
bench-scale studies on both cellulose and hardwood biomass. 
We demonstrated that supercritical polar aprotic solvents are capable of rapidly 
converting cellulose into solubilized and depolymerized carbohydrate in the absence of 
catalysts. Cellulose was effectively decomposed in a wide range of polar aprotic solvents 
with maximum yields of solubilized products up to 72-98% and maximum yields of 
solubilized carbohydrates reaching 63-94%, which are among the highest yields of 
solubilized carbohydrates reported in the literature for solvent liquefaction of cellulose in the 
absence of catalysts. High yields occur when the solvent has solubility parameter close to 
that of cellulose. Levoglucosan was the major carbohydrate product achieving a maximum 
yield of 41% when acetonitrile was used as solvent. Solvents with higher polar solubility 
parameter reduced the apparent activation energies for cellulose depolymerization resulting 
in enhanced LG formation while solvents with lower polar solubility parameters favored 
production of anhydro poly-saccharides and oligosaccharides.  
Cellulose rapidly depolymerized to solubilized products, solubilized carbohydrates 
and levoglucosan at yields almost independent of polar solubility parameter of the aprotic 
solvent when a small amount of sulfuric acid was used as catalyst. Although acid accelerates 
depolymerization of cellulose almost independent of polar solubility parameter of the 
solvent, it particularly promotes in high polarity secondary reactions that degrade 
170 
 
 
levoglucosan.  This study was the first demonstration that low polarity and low boiling point 
solvents can achieve yields of solubilized carbohydrates comparable to those achieved in 
high polarity, high boiling point solvents such as GVL.  Since low boiling point solvents are 
easier and less expensive to recover, acid catalysts increase their attractiveness for production 
of sugars from cellulosic biomass.  
Further studies were performed with 1,4-Dioxane to evaluate the effect of several key 
reaction parameters on acid-catalyzed depolymerization of cellulose with low boiling point 
solvents. Levoglucosan was the major carbohydrate product when using pure 1,4-Dioxane 
while levoglucosan, glucose and oligosaccharides were all present when 1,4-Dioxane was 
mixed with water as co-solvent. High temperatures and low acid concentrations promoted 
levoglucosan production in pure 1,4-Dioxane, which was due to preferential enhancement of 
the rate of levoglucosan production in comparison to its degradation. Maximum levoglucosan 
yield was 51%, achieved at 350oC using 0.25 mM sulfuric acid. Adding 10 vol% water as co-
solvent and operating at the lower end of the temperature range (e.g. 250oC) increased yields 
of solubilized products and solubilized carbohydrates to 62% and 38%, respectively. Higher 
fractions of water and operating at the top of the temperature range (e.g. 350oC) were 
deleterious to carbohydrate yields owing to increased dehydration of monosaccharides to 
furfural and 5-HMF.  
A novel two-step process for biomass saccharification using a mixture of THF and 
water with acid catalyst was developed based on these results, which overcomes some of the 
challenges of biological and solvent-assisted thermochemical processing of biomass into 
sugars. A solvent liquefaction pretreatment in THF converted 61% of lignin and 64% of 
hemicellulose into solubilized products. This partially delignified, cellulose-rich pulp was 
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converted solubilized, fermentable carbohydrates in a second, low temperature solvent 
liquefaction step at yields approaching 65% within 2 min. The two-step process achieved 
maximum yields of glucose and xylose of 67% 89%, respectively.  Not only are these yields 
competitive with other saccharification processes, the process achieved volumetric 
productivity that is two to four orders higher. Solubilized carbohydrates were successfully 
extracted to water at 99% recovery with no phenolic and furanic contaminants using a simple 
one-step distillation at 80o C, 1 atm. Nearly pure THF was separated quantitatively with the 
solvent demonstrating minimal thermal degradation. Since THF is relatively inexpensive, 
recyclable solvent of low-toxicity and potential for production from biomass, it has good 
potential for used in production of cellulosic sugars.  
 
Future Work  
Major steps forward for this work include:  
Large-scale production of solubilized carbohydrates from various biomass feedstocks 
Biomass is a heterogeneous feedstock and the composition of polysaccharides, lignin 
and ash vary greatly among different types of biomass. Thus it would be important to 
investigate the versatility of THF/water solvent liquefaction process for different types of 
biomass feedstock. In this study, corn stover and switchgrass as herbaceous biomass while 
red oak and loblolly pine as woody biomass might be tested as feedstock. It might be 
important to neutralize the alkali and alkaline earth metal content (ash) of the herbaceous and 
woody biomass during THF pretreatment step in order to achieve the appropriate pH for 
acid-catalyzed solvent liquefaction. This set of test should be attempted at large scale in 
batch reactors to test the scalability of the solvent liquefaction technique.   
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Production of solubilized carbohydrates from different pretreated biomass 
It might also be interesting to test the versatility of THF/water liquefaction for 
different types of pretreated biomass. As there exists several kinds of well-established 
pretreatment methods in industry for biomass including dilute acid pretreatment, organosolv 
pretreatment, ionic liquid pretreatment, sodium hydroxide based pretreatment, ammonia fiber 
explosion (AFEX) pretreatment for cellulosic ethanol production, the flexibility of 
THF/water solvent liquefaction with the pretreatment process could be of key value to the 
development of this process in competition with enzymatic hydrolysis. 
Optimize the THF/water process for highest yield of solubilized carbohydrates 
In the present study, maximization of solubilized sugar yields from solvent liquefaction 
of pretreated red oak was based on a simple one-at-a-time variable optimization model of the 
key reaction parameters. Since the sugar yields are non-monotonic or non-linear functions of 
solvent liquefaction reaction parameters in many cases, there could exist square and 
interaction terms among these variables in the optimization model. Thus, a response surface 
methodology might be a better approach to design an optimization model for achieving the 
highest possible yields of solubilized, fermentable sugars from biomass and could be an 
interesting area of future work. Since enzymatic hydrolysis is a highly effective process for 
breaking down lignocellulose to 90% monosaccharides, it would be interesting to find out if 
solvent liquefaction could reach this high range of sugar yields by optimization. Among the 
many variables, the most influential are reaction time, reaction temperature, acid catalyst 
concentration, and water content in THF/water solvent mixture.  
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Fermentation of solubilized carbohydrates 
Since the fermentability of the solubilized carbohydrate produced in this study was 
not examined, this would be an interesting area of future research. Either the hydrolyzed and 
detoxified mixture of glucose and xylose can be fermented or glucose, xylose, and 
levoglucosan could be upgraded directly to ethanol by using appropriate microorganism 
cocktail.  
Technoeconomic analysis of THF/water process 
It is important to perform technoeconomic analysis of the THF/water process for 
cellulosic ethanol production from red oak to evaluate its economic feasibility of scale up and 
sustainability for commercial development. This analysis should be compared to the 
economics for enzymatic hydrolysis and other solvent liquefaction processes such as GVL-
mediated liquefaction of biomass. For comparable analyses, they should use the same 
feedstock costs, solvent-to-biomass ratio and fermentation efficiency. Minimum fuel selling 
price would be determined in each case using operating and capital costs at each stages of 
feedstock handling, reaction, separation, recycle, and product utilization for best comparison 
of the processes involved. Ethanol yields may be considered as literature standards if the 
information is not available from experimental results. 
One-pot solvent liquefaction with omission of pretreatment 
This study found that yields of total solubilized, fermentable carbohydrates from 
untreated red oak was 41% in THF/water mixtures catalyzed with dilute sulfuric acid. This 
translates to volumetric productivity for total solubilized sugars of approximately 1000 g L-
1h-1, which is remarkably higher than the productivity achieved by enzymatic hydrolysis 
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under standard conditions and yields. Solvent liquefaction of red oak could be further 
optimized to enhance the sugar yields by tuning several solvent liquefaction parameters. This 
might eliminate the pretreatment step for delignification of hardwood biomass required prior 
to solvent liquefaction. As pretreatment is a significant contributor to high capital cost of 
cellulosic ethanol plants, elimination of this step could significantly simplify the whole 
process of ethanol production by involving less number of reactor units and separation 
facilities and reduce heat requirement due to lower amount of solvent used. If successful, this 
unique and novel approach could potentially utilize forest residue biomass via a highly cost-
effective process for producing transportation fuels. 
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APPENDIX A.    SUPPLEMENTARY INFORMATION OF CHAPTER 2 
Estimation of reactor pressure  
The pressure was calculated based on the assumption that all of the solvent was 
converted into supercritical fluid. The associated compressibility factor at the reduced 
temperature was 0.4 based on Lee Kesler’s chart [1] for all the solvents except for GVL. 
Actual critical point data for GVL was not available in literature. Since γ-butyrolactone or 
GBL, a chemically similar solvent to GVL has a critical temperature higher than 350 oC, it 
was assumed that GVL might also not be converted into supercritical fluid completely at 
this temperature. The compressibility factor for GVL was thus taken as 0.2. The following 
equation was used to determine the reactor pressure for each solvent system. 
 
P = Z
nRT
V
     … (1) 
 
Where   
Z = compressibility factor for the fluid 
n = moles of solvent 
V = total volume of reactor = 2.5 mL 
Solvent volume = 1.2 mL 
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Table S1 Boiling points and critical points of the polar aprotic solvents [2, 3]  
Solvent Boiling point (oC) Critical point 
1,4-dioxane 101 314 oC and 5.21 MPa 
Ethyl acetate 77 260 oC and 3.90 MPa 
THF 66 268 oC and 5.19 MPa 
MIBK 116 298 oC and 3.27 MPa 
Acetone 56 235 oC and 4.80 MPa 
Acetonitrile 82 272 oC and 4.87 MPa 
GVL 207-208 Not available 
 
 
Table S2. Estimated pressure inside the reactors at 350 oC 
Solvent Pressure (MPa) 
1,4-dioxane 12 
Ethyl acetate 10 
THF 12 
 MIBK 8 
Acetone 13 
Acetonitrile 19 
GVL 5 
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Effect of temperature and pressure on solubility parameters [4] 
Total solubility parameter or Hansen solubility parameter (δTot) is based on the total 
energy of vaporization of a liquid that consists of several individual parts. These 
contributions arise from (atomic) dispersion forces, (molecular) permanent dipole–permanent 
dipole forces, and (molecular) hydrogen bonding (electron exchange). The three interaction 
forces give rise to each of the three individual parameters of the total solubility parameter. 
These constituent interaction parameters are known as dispersive solubility parameter (δD), 
polar solubility parameter (δP) and the hydrogen bonding solubility parameter (δH).  
Hansen total solubility parameter is related with its constituent parameter in the 
following way: 
δ𝑇𝑜𝑡 =  √(δ𝐷) 2 +  (δ𝑃) 2 + (δ𝐻) 2   … (2) 
Temperature and pressure can influence the total solubility parameter of the solvent. 
Temperature increase results in decrease in the solubility parameter whereas increase in 
pressure increases the solubility parameter due to increase in solvent density. Each term 
under the square root in the above equation changes with change in temperature and pressure. 
The individual relationship of these term with temperature and pressure are given below: 
 
𝛿𝐷 =  
𝛿𝐷𝑟𝑒𝑓
(
𝑣𝑟𝑒𝑓
𝑣
)
−1.25     … (3) 
𝛿𝑃 =  
𝛿𝑃𝑟𝑒𝑓
(
𝑣𝑟𝑒𝑓
𝑣
)
−0.5     … (4) 
𝛿𝐻 =  
𝛿𝐻𝑟𝑒𝑓
exp (−1.32 × 10−3 (𝑇𝑟𝑒𝑓−𝑇)− 𝑙𝑛(
𝑣𝑟𝑒𝑓
𝑣
)
0.5
)
  … (5) 
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(
𝑣𝑟𝑒𝑓
𝑣
) =  
𝜌
𝜌𝑟𝑒𝑓
      … (6) 
𝜌
𝜌𝑟𝑒𝑓
=  
𝜌
𝜌′
 ×  
𝜌′
𝜌𝑟𝑒𝑓
     … (7) 
𝑙𝑛
𝜌′
𝜌𝑟𝑒𝑓
=  −𝛼(𝑇 −  𝑇𝑟𝑒𝑓)    … (8) 
𝑙𝑛
𝜌
𝜌′
=  𝛽(𝑃 − 𝑃𝑟𝑒𝑓)     … (9) 
 
Where 
𝛿𝐷𝑟𝑒𝑓 , 𝛿𝑃𝑟𝑒𝑓, 𝛿𝐻𝑟𝑒𝑓 = the values of dispersion parameter, polar interaction parameter and 
hydrogen bonding parameter at Tref and Pref. 
𝑣𝑟𝑒𝑓   and 𝑣 = molar volumes of the solvent at Tref and Pref and the reaction temperature and 
pressure, respectively. 
ρref, ρ’ and ρ = solvent densities at Tref and Pref, T and Pref, T and P respectively.  
α = cubic expansion coefficient of solvent at 25 oC and 1 atm. 
β = isothermal compressibility of solvent at 25 oC and 1 atm. 
Tref and T = 25 
oC and reaction temperature, respectively. 
Pref and P = 1 atm and reaction pressure, respectively. 
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Table S3. Solubility parameters of polar aprotic solvents at Tref and Pref (25 
oC and 1 atm) [4] 
Solvent 
𝜹𝑫𝒓𝒆𝒇 
(MPa1/2) 
𝜹𝑷𝒓𝒆𝒇 
(MPa1/2) 
𝜹𝑯𝒓𝒆𝒇 
(MPa1/2) 
𝜹𝒓𝒆𝒇 
(MPa1/2) 
1,4-dioxane 17.5 1.80 9.0 19.8 
Ethyl acetate 15.8 5.30 7.2 18.2 
THF 16.8 5.70 8.0 19.5 
 MIBK 15.3 6.10 4.1 17.0 
Acetone 15.5 10.4 7.0 20.0 
Acetonitrile 15.3 18.0 6.1 24.4 
GVL (approx.)a 19.0 16.6 7.4 26.3 
a: Since contribution of a methyl group to three individual interaction parameter in a cyclic 
compound can assumed to be negligible, individual and total solubility parameters for GVL 
were approximated as that of γ-butyrolactone or GBL due to unavailability of actual data for 
GVL [4].  
 
Table S2.4. Thermophysical properties of polar aprotic solvents [3, 5-10] 
Solvent 𝜶 (K-1) 𝜷 (MPa-1) 𝝆𝒓𝒆𝒇 (g cm
-3) 𝝆 (g cm-3) 
1,4-dioxane 0.00106 0.000749 1.034 0.738 
Ethyl acetate 0.00135 0.001132 0.901 0.583 
THF 0.00126 0.000800 0.889 0.594 
 MIBK 0.00120 0.001100 0.800 0.544 
Acetone 0.00146 0.001262 0.790 0.497 
Acetonitrile 0.00133 0.001070 0.782 0.521 
GVL (approx.)b 0.00074 0.000400 1.057 0.824 
b: approximated by the thermophysical properties of GBL to maintain consistency with Table 
S3 estimation procedure. 
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Table S5. Solubility parameters of the polar aprotic solvents at reaction temperature and 
pressure 
 
Solvent 
𝜹𝑫 
(MPa1/2) 
𝜹𝑷 
(MPa1/2) 
𝜹𝑯 
(MPa1/2) 
𝜹𝑻𝒐𝒕 
(MPa1/2) 
1,4-dioxane 26.6 2.10 0.5 26.7 
Ethyl acetate 27.0 6.60 0.4 27.7 
THF 27.7 7.00 0.4 28.6 
 MIBK 24.6 7.40 0.2 25.7 
Acetone 27.5 13.1 0.4 30.4 
Acetonitrile 25.6 22.1 0.3 33.8 
 GVL 25.6 18.7 0.4 31.7 
 
 
Activation energy of cellulose solvent liquefaction 
Activation energies of cellulose degradation in different solvents were obtained using 
Arrhenius plots of the solvolysis rate constants at three different temperatures in the range of 
325 to 375 oC. This study was performed in THF, acetonitrile and GVL systems with 20 mg 
cellulose as initial substrate. The solvolysis rate constant at a certain temperature was 
calculated based on a first order assumption for the initial rate of cellulose decomposition 
reaction. The details of the activation energy calculation procedure are provided below and 
the related plots are shown in Figures S1-S3.  
Cellulose degradation in the aprotic solvents was modeled as a first order reaction and 
the reaction rate constant at each temperature was determined based on the initial slope of the 
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cellulose residue versus time plot. Arrhenius’s principle was used to calculate the slope of ln 
K versus T-1 for each solvent system and subsequently the activation energy was determined 
from the slope. 
−
𝑑𝐶
𝑑𝑡
=  𝐾𝐶    … (10) 
Where  
C = unreacted cellulose residue at time, t and K is the rate constant. 
 
Arrhenius law describes the relation between K and the reaction temperature T: 
ln 𝐾 = (−
𝐸𝑎𝑝𝑝
𝑅
) 
1
𝑇
+ ln 𝐴  … (11) 
Where  
Eapp = apparent activation energy in J mol
-1 
A = the frequency factor 
 
 
Table S6. Apparent activation energy of cellulose solvolysis in different solventsc  
Solvent Eapp (kcal mol-1) 
THF 26.53 
GVL 19.70 
Acetonitrile 20.23 
c: calculation of rate constant at each temperature for Arrhenius plot was done considering 
the initial rate of cellulose conversion with first order assumption. Initial feedstock was 20 
mg cellulose. 
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Figure S1. Arrhenius plot for THF solvent system  
 
Figure S2. Arrhenius plot for acetonitrile solvent system 
 
Figure S3. Arrhenius plot for GVL solvent system 
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Figure S4. Solid residue with increasing time of reaction at 350 oC with 20 mg cellulose in 
different solvent systems 
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APPENDIX B.    SUPPLEMENTARY INFORMATION OF CHAPTER 3 
1. Conversion of cellulose in acid-catalyzed polar aprotic solvents  
 
Solvent liquefaction experiments were performed in seven aprotic solvents, namely, 1,4-
Dioxane, ethyl acetate, tetrahydrofuran (THF), methyl iso-butyl ketone (MIBK), acetone, 
acetonitrile, and γ-valerolactone (GVL), at 350 oC with 0.5 mM sulfuric acid as catalyst. 
The initial feedstock was 20 mg cellulose. The mass of solid residue decreased rapidly with 
the progress of reaction time giving rise to increasing yields of solubilized products. Figure 
S3 shows the above behavior for all the aprotic solvents under test. The initial rate of 
cellulose decomposition as a solid reactant was significantly high in all the aprotic solvents 
in presence of acid catalyst. The unconverted cellulose started to turn into char nearly after 
LG yield reached its maximum. However, the char yields remained almost unchanged when 
reaction time was further increased. Optimums of each solubilized product, including LG, 
AGF, LGO, furfural and 5-HMF were determined from these plots for reporting maximum 
yields of the products attained in each solvent system.  
 
2. Polar solubility parameters at reaction condition [1] 
Hansen solubility parameter (δTot) is defined as the total energy of vaporization of a 
liquid. It consists of three components known as dispersion solubility parameter (δD), polar 
solubility parameter (δP) and the hydrogen bonding solubility parameter (δH) based on the 
three interaction forces. Each component of the solubility parameter changes with 
temperature and pressure. Temperature increase causes a decrease in the solubility parameter 
whereas higher pressure causes the solubility parameter to increase due to an increase in the 
solvent density. This work focuses on the change of polar solubility parameter of the solvent 
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because this parameter is the only widely variable component of solubility parameter among 
the solvents at 25 oC and reaction condition. Reactor pressures were estimated using 
compressibility factor from Lee Kesler’s chart as described elsewhere and can be found in 
Table S2 [2]. The relationships of polar solubility parameter with temperature and pressure 
are given below: 
𝛿𝑃 =  
𝛿𝑃𝑟𝑒𝑓
(
𝑣𝑟𝑒𝑓
𝑣
)
−0.5     … (1) 
(
𝑣𝑟𝑒𝑓
𝑣
) =  
𝜌
𝜌𝑟𝑒𝑓
      … (2) 
𝜌
𝜌𝑟𝑒𝑓
=  
𝜌
𝜌′
 ×  
𝜌′
𝜌𝑟𝑒𝑓
     … (3) 
𝑙𝑛
𝜌′
𝜌𝑟𝑒𝑓
=  −𝛼(𝑇 −  𝑇𝑟𝑒𝑓)    … (4) 
𝑙𝑛
𝜌
𝜌′
=  𝛽(𝑃 − 𝑃𝑟𝑒𝑓)     … (5) 
Where 
 𝛿𝑃𝑟𝑒𝑓 = polar interaction parameter at Tref and Pref. 
vref  and v = molar volumes of the solvent at Tref and Pref, and at T and P, respectively. 
ρref, ρ’and ρ = densities of solvent at Tref and Pref, T and Pref, T and P respectively.  
α, β = cubic expansion coefficient and isothermal compressibility of solvent at 25 
oC, 1 atm. 
Tref and T = 25 
oC and reaction temperature, respectively. 
Pref and P = 1 atm and reaction pressure, respectively. 
 
The solubility parameters using the above set of equations were calculated for each 
solvent and are listed in Table S4. Polar solubility parameters at solvent liquefaction reaction 
condition from this table were considered when comparing LG yields with solvent polarity. 
187 
 
 
3. Irreversible reaction between cellobiosan and levoglucosan: 
It is important to confirm that cellobiosan to levoglucosan formation is not a 
reversible process to validate that cellobiosan depolymerization to LG is a first order 
reaction. From GFC results shown in Figure S4, it is clear that cellobiosan decomposes to LG 
with time but the reaction did not proceed in the opposite direction. This was further verified 
by running LG as an individual feedstock under the same reaction condition. When LG was 
processed individually, it did not polymerize back to cellobiosan or any other oligomers as 
the reaction time was increased. 
 
4. Tables 
Table S1. Boiling points and critical points of the polar aprotic solvents [3, 4]  
Solvent Boiling point (oC) Critical point 
1,4-Dioxane 101 314 
o
C and 5.21 MPa 
Ethyl acetate 77 260 
o
C and 3.9 MPa 
THF 66 268 
o
C and 5.19 MPa 
 MIBK 116.2 298 
o
C and 3.27 MPa 
Acetone 56 235 
o
C and 4.8 MPa 
Acetonitrile 82 272 
o
C and 4.87 MPa 
GVL 207-208 Not available 
 
Table S2. Reactor pressure estimates at 350 oC 
Solvent Pressure (MPa) 
1,4-Dioxane 12 
Ethyl acetate 10 
THF 12 
 MIBK 8 
Acetone 13 
Acetonitrile 19 
GVL 5 
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Table S3. Organic acid production in solvents and solubilized products at 350 oC with 0.5 
mM H2SO4 (IC analysis results) 
 
Feedstocka Organic acid content in total solubilized productb (wt%) 
 
Glycolic 
acid 
Formic 
acid 
Acetic 
acid 
Propionic 
acid 
Total 
acid 
Cellulose with 1,4-Dioxane 0.02 0.07 0.04 0.00 0.13 
Cellulose with Ethyl acetate 0.20 0.03 12.28 0.00 12.51 
Cellulose with THF 0.01 0.03 0.03 0.00 0.07 
Cellulose with MIBK 0.02 0.04 0.06 0.00 0.13 
Cellulose with Acetone 0.07 0.04 0.09 0.00 0.20 
Cellulose with Acetonitrile 0.02 0.01 0.06 0.00 0.09 
Cellulose with GVL 0.03 0.01 0.04 0.01 0.09 
Only 1,4-Dioxane 0.00 0.02 0.01 0.00 0.04 
Only Ethyl acetate 0.17 0.00 13.79 0.00 13.96 
Only THF 0.00 0.02 0.02 0.00 0.04 
Only MIBK 0.02 0.00 0.07 0.00 0.09 
Only Acetone 0.07 0.01 0.10 0.00 0.18 
Only Acetonitrile 0.00 0.00 0.01 0.00 0.01 
Only GVL 0.03 0.00 0.02 0.05 0.11 
a: Each feedstock contains 0.5 mM H2SO4 
b: total solubilized product is the sum of solubilized products from cellulose and any 
decomposition products originated from the solvent itself 
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Table S4. Polar solubility parameters and thermophysical properties of the aprotic solvents at 
Tref and Pref (25 
oC and 1 atm) [1] 
 
Solvent 
𝜹𝑷𝒓𝒆𝒇 
(MPa1/2) 
𝜶 
(K-1) 
𝜷 
(MPa-1) 
𝝆𝒓𝒆𝒇 
(g cm-3) 
𝝆 
(g cm-3) 
𝜹𝑷 
(MPa1/2) 
 
1,4-Dioxane 1.8 0.00106 0.000749 1.034 0.738 2.1  
Ethyl acetate 5.3 0.00135 0.001132 0.901 0.583 6.6  
THF 5.7 0.00126 0.0008 0.889 0.594 7.0  
 MIBK 6.1 0.0012 0.0011 0.800 0.544 7.4  
Acetone 10.4 0.00146 0.001262 0.790 0.497 13.1  
Acetonitrile 18 0.00133 0.00107 0.782 0.521 22.1  
GVL a 16.6 0.00074 0.0004 1.057 0.824 18.7  
a: Contribution of a methyl group to components of solubility parameter in a cyclic 
compound is not significant. Hence, polar solubility parameter for GVL was approximated as 
that of gamma butyrolactone (GBL) because actual data for GVL was unavailable in 
literature [1].  
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5. Figures 
 
 
 
Figure S1. Carbon molar yields of GC/MS detectable solubilized products from 20 mg 
cellulose treated in polar aprotic solvents at 350 oC with 0.5 mM sulfuric acid.  LG,  AGF, 
 5-HMF,  LGO, X Furfural where LG: Levoglucosan, AGF: 1,6-anhydro-β-D-
glucofuranose, 5-HMF: 5-Hydroxymethylfurfural, LGO: Levoglucosenone 
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Figure S2. Molecular weight distribution of solubilized carbohydrates produced from 20 mg 
cellulose reacted at 350 oC in different acid-catalyzed polar aprotic solvents with 0.5 mM 
H2SO4. The molecular weight distribution was obtained from GFC analysis. The reaction 
time is either when maximum LG yield is reached in each solvent or when the products were 
stable. All solvents were not analyzed in GFC. Two low polarity and two high polarity 
solvents were chosen for comparison. 
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Figure S3. Solid residue and solubilized product from cellulose with increasing time of 
reaction at 350 oC with 20 mg cellulose in different aprotic solvents with 0.5 mM sulfuric 
acid.  Solid residue,  Solubilized product. 
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Figure S4. GFC spectrums of water-soluble products from cellobiosan and LG individually 
reacted at 350 oC with 0.25 mM H2SO4 in 1,4-Dioxane 
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APPENDIX C.    SUPPLEMENTARY INFORMATION OF CHAPTER 4 
1. Polar solubility parameters at reaction condition [1] 
Hansen solubility parameter (δTot) is determined from the total cohesive energy 
density of the material. It represents the energy of vaporization of a liquid at a given 
thermodynamic state. Three components known as dispersion solubility parameter (δD), polar 
solubility parameter (δP) and the hydrogen bonding solubility parameter (δH) represent three 
types interaction forces constitute total solubility parameter. Each component of the 
solubility parameter is a function of temperature and pressure. Temperature increase causes a 
decrease in the solubility parameter while higher pressure leads to increase in the solubility 
parameter due to an increase in the solvent density. Herein, we present polar solubility 
parameters of several aprotic solvents for cellulose depolymerization because this parameter 
varies most widely among all solvents at atmospheric and reaction conditions as shown in 
Table S2. It is reported that other solubility parameter components do not vary by 
considerable degree among the solvents under test [2]. Reactor pressures were estimated 
using compressibility factor from Lee Kesler’s chart as described elsewhere and are given in 
Table S2 [2].  
 
2. Effect of acid concentration on rate of LG formation and degradation  
The rate of LG formation and degradation were dependent strongly on the acid level 
within the tested range and can be used to explain the effect of increasing acid concentration 
on LG yields. With increasing acid concentrations, the rate of primary depolymerization is 
expected to increase until it was overpowered by the rate of degradation of LG. Production 
rate of LG was considerably low at the two extremes of acid levels (0.1 and 5 mM) applied. 
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In between 0.25 to 2 mM acid concentrations (Figure S3 (a)), the rate of LG formation was 
fairly unchanged with a highest rate of 8.43 mg min-1 observed at 1 mM acid concentration. 
Additionally, it was noticed that LG degradation rate beyond its maximum yield enhanced 
with the increase in acid concentration. The anhydrosugar degraded at a rate of 0.19-0.82 mg 
min-1 between 0.5 and 2 mM catalyst levels while 0.25 mM acid caused only 0.01 mg min-1 
rate of LG degradation after the maximum yield was achieved (Figure S3 (b)). Thus when 
acid levels were lower, higher LG yields were achieved due to a combined effect of high LG 
formation rates and low LG degradation rates. On the contrary, LG degradation rates were 
significantly enhanced at higher acid levels despite having high LG formation rates at these 
acid concentrations in the initial course of reaction, which in turn makes it difficult to 
preserve LG in the highly acidic reaction conditions. It is important to note that degradation 
rate of LG in non-catalytic condition and at 0.1 mM acid were both higher than that observed 
at 0.25 mM acid concentration. At zero or very low acid catalyst concentration, effect of long 
reaction time is likely more prevalent than the effect of catalyst on LG generation. LG was 
more stable in acid-catalyzed reactions likely due to continuous replenishment of LG from 
cellulose or anhydro-oligosaccharide depolymerization during loss of LG during to any 
degradation reactions. Thus low level or absence of acid catalyst might slow down the above 
depolymerization reaction and lead to net enhancement of LG degradation rate with the 
progress of reaction. This would lead to a less stable time evolution of LG beyond the 
maximum. 
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3. Determination of extent of dehydration by O/C and H/C ratios 
The carbon, hydrogen and oxygen content of the solids were derived from ultimate 
analysis on dry, ash free basis. Due to high solubilization at 300-350 oC in the solvent 
liquefaction process, solids could not be collected in adequate amounts for both proximate 
and ultimate analysis. Approximation was used in these above cases for determining 
moisture content by comparing them with pure cellulose, all dried at 50 oC overnight. The 
solid residues produced at 350 oC from 1,4-Dioxane and water system were little in amount 
and thus could not be analyzed in a thermogravimetric setup. As an alternative, O/C and H/C 
ratios of the solid residues produced above 250 oC were compared with that of pure cellulose 
with increasing water content. The result of this analysis is presented in Figure S7.  
 
4. Tables 
Table S1. Boiling points and reactor pressure estimates of the polar aprotic solvents [3, 4]  
Solvent Boiling point (oC) Pressure (MPa) 
1,4-Dioxane 101 12 
Ethyl acetate 77 10 
THF 66 12 
 MIBK 116.2 8 
Acetone 56 13 
Acetonitrile 82 19 
GVL 207-208 5 
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Table S2. Polar solubility parameters of the polar aprotic solvents at atmospheric (25 oC and 
1 atm) [1] and reaction condition (350 oC, 5-19 MPa) 
           
Solvent 𝜹𝑷𝒓𝒆𝒇 (MPa
1/2) 𝜹𝑷 (MPa
1/2) 
1,4-Dioxane 1.8 2.1  
Ethyl acetate 5.3 6.6  
THF 5.7 7.0  
 MIBK 6.1 7.4  
Acetone 10.4 13.1  
Acetonitrile 18 22.1  
GVL a 16.6 18.7  
a: Contribution of a methyl group to components of solubility parameter in a cyclic 
compound is not significant. Hence, polar solubility parameter for GVL was 
approximated as that of gamma butyrolactone (GBL) because actual data for GVL was 
unavailable in literature [1].  
 
5. Figures 
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Figure S1. (a) Molecular weight distribution of solubilized carbohydrates produced from 20 
mg cellulose reacted at 350 oC in acid-catalyzed 1,4-Dioxane with 0.5 mM H2SO4 at 4 min. 
(b) Molecular weight distribution of solubilized carbohydrates produced from 20 mg 
cellulose reacted at 250 oC in 90/10 vol% 1,4-Dioxane/water with 0.25 mM H2SO4 at 10 min. 
The molecular weight distribution was obtained from GFC analysis. The reaction time is 
either when maximum LG yield is reached in each solvent system. Since glucose and 
cellobiosan appear at the same retention time in GFC when tested as individual standards, it 
was not possible to separate them and thus it was assumed that the two carbohydrate peaks 
could overlap. 
 
 
Figure S2. Maximum yields of degradation products with increasing acid concentration at 
350 oC with 20 mg cellulose as initial feedstock processed in 1,4-Dioxane. 
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Figure S3. (a) Initial rate of formation of LG and (b) Initial rate of degradation of LG 
beyond its maximum yield in 1,4-Dioxane with increasing acid concentration at 350 oC with 
20 mg cellulose as initial feedstock. 
0
1
2
3
4
5
6
7
8
9
0 1 2 3 4 5 6
In
it
ia
l 
ra
te
 o
f 
L
G
 p
ro
d
u
c
ti
o
n
 (
m
g
/m
in
)
Acid concentration (mM)
(a)
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
0 0.25 0.5 1 2 5
L
G
 d
e
g
ra
d
a
ti
o
n
 r
a
te
 (
m
g
/m
in
)
Acid concentration (mM)
(b)
200 
 
 
 
Figure S4. Effect of increasing moles loading of cellulose in 1,4-Dioxane on the change of 
initial rate of LG formation per moles of cellulose at 350 oC with 0.25 mM cellulose as 
initial feedstock. The base case was 1 mg of cellulose loading, compared to which all other 
rates were presented at each mass loading level operated at the above reaction condition. 
 
     
 
Figure S5. Optimization of concentration of aqueous sulfuric acid solution used in dilute 
acid-hydrolysis test for converting anhydro-oligosaccharides into glucose monomer. 
Hydrolysis reactions were run at 135 oC for 44 min at 500 rpm in oil-bath where the 
substrate was the liquid product from cellulose solvent liquefaction at 250 oC in 1,4-Dioxane 
and water (90/10 vol%) catalyzed by 0.25 mM sulfuric acid. Glucose produced by acid-
hydrolysis was represented as weight percentage recovered in the solubilized product from 
cellulose solvent liquefaction. 
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
0 10 20 30 40 50 60
%
 c
h
a
n
g
e
 i
n
 i
n
it
ia
l 
ra
te
/m
g
 c
e
ll
u
lo
s
e
 (
p
e
r 
m
in
)
Initial cellulose loading (mg)
0
10
20
30
40
50
60
0 mM 50 mM 100 mM 200 mM 400 mM
R
e
c
o
v
e
ry
 o
f 
g
lu
c
o
s
e
 i
n
 s
o
lu
b
il
iz
e
d
 p
ro
d
u
c
t 
(w
t%
)
Aqueous acid concentration used in hydrolysis test
201 
 
 
 
 
 
 
Figure S6. Relationship between furfural and 5-HMF yields and water content in 1,4-
Dioxane from processing of 50 mg cellulose at 250 oC at 30 min of reaction. 
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Figure S7. Relationship of H/C ratio with O/C ratio of cellulose and the solid residues 
obtained from its treatment in 1,4-Dioxane-water (90/10 vol%) with 0.25 mM sulfuric acid at 
250-350 oC.  
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APPENDIX D. SUPPLEMENTARY INFORMATION OF CHAPTER 5 
1. Pretreated red oak yields at different pretreatment conditions 
In Figure S1, the relationship between yield of pretreated red oak and pretreatment 
conditions is presented. Pretreated red oak yield decreased significantly with increasing acid 
catalyst concentration in the solvent mixture at a fixed pretreatment time. For example, 
pretreated red oak yield reduced from 83 wt% to 61 wt% when acid level was increased from 
0.5 wt% to 2 wt% at 30 min of pretreatment. The duration of pretreatment also influenced the 
yield of pretreated red oak. As shown in Figure S1, pretreated red oak yield could be further 
reduced by a extending the treatment time to 60 min at 120 oC for each level of acid catalyst 
in THF/water. At 2 wt% acid catalyst level, yield of pretreated red oak decreased from 61 
wt% to 56 wt% as pretreatment time was increased form 30 to 60 min. However, it was noted 
that the change in pretreated red oak yield due to longer pretreatment time was less 
significant that it was due to increasing acid catalyst level.  
From Table 1 of Chapter 5, it can be seen that partial or complete removal of 
hemicellulose (C5 and C6 sugars except) and lignin from red oak might produce a pretreated 
red oak yield between 59 to 77 wt% where lower yields indicate higher separation of lignin 
and hemicellulose. On the other hand, glucan in red oak must not decompose significantly 
during the pretreatment. Thus it was desired to achieve the lowest pretreated red oak yield 
possible below 77 wt% but higher than 40 wt%. Hence, a 60 min of pretreatment time and 2 
wt% acid level was selected as optimum pretreatment condition producing pretreated red oak 
yield of 56 wt% as it matched the criterion for attaining a cellulose-rich feedstock for 
subsequent solvent liquefaction step. 
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Figure S1. Pretreated red oak yields at different levels of sulfuric acid and pretreatment times 
at 120 oC. Acid loading was varied between 2.5-10 mM concentration (0.5-2 wt% based on 
biomass weight). Pretreatment of red oak was conducted using 80/20 vol% THF/water 
mixture with 5 wt% red oak mass loading in the solvent mixture. 30 min pretreatment, 60 
min pretreatment 
 
2. Hydrolysis condition for analyzing fermentable sugars after solvent liquefaction  
Hydrolysis using dilute aqueous acid solution was conducted for solubilized products 
of solvent liquefaction of pretreated red oak to determine the optimum condition of 
hydrolysis to be used for analysis of solubilized carbohydrates produced in solvent 
liquefaction step. As shown in Figure S2, the glucose and xylose recovery post-hydrolysis 
strongly dependent on the acid concentration used during hydrolysis reaction and the 
duration of hydrolysis reaction. Figures S2 (a) indicates that glucose recovery remained at 
6.1-8.3 wt% using 25-100 mM H2SO4 and 44-90 min duration in hydrolysis except an outlier 
at 400 mM H2SO4 condition. Thus any concentration of H2SO4 and hydrolysis time equal or 
0
10
20
30
40
50
60
70
80
90
100
2.5 5 10
P
re
tr
e
a
te
d
 r
e
d
 o
a
k
 y
ie
ld
 (
w
t%
)
Acid concentration (mM)
30 min 60 min
205 
 
 
higher than 25 mM and 44 min could be employed for analysis of solubilized carbohydrates 
from red oak. However, xylose recovery was highly sensitive to acid concentration and 
duration of hydrolysis solution. As shown in Figure S2 (b), xylose recovery decreased 
completely to zero at 400 mM H2SO4 and thus this condition was eliminated from 
consideration. On the other hand, relatively mild condition of 50 mM H2SO4 and 44 min of 
hydrolysis also led to destruction of xylose to zero while 100 mM H2SO4 condition achieved 
3.3 wt% recovery of xylose at 44 min. Furthermore, xylose recovery dropped significantly 
from 3.3 wt% to 1.8 wt% at 90 min of hydrolysis reaction using 100 mM concentration of 
sulfuric acid. In order to avoid xylose degradation, the minimum harsh condition of 
hydrolysis that could attain high recovery of both the monosaccharides was chosen. Hence, 
any concentration equal or greater than 50 mM H2SO4 was not selected for hydrolysis. Below 
50 mM H2SO4, acid concentration of 25 mM H2SO4 produced highest recovery of both 
glucose and xylose compared to lower acid concentrations. Furthermore, this condition did 
not result in a statistically significant increase in glucose and xylose recovery by increasing 
the reaction time from 44 min to 90 min. Thus 25 mM H2SO4 and 44 min condition was 
selected as the optimum for hydrolysis processing step to avoid any possible destruction of 
xylose as anticipated above. 
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Figure S2. Effect of hydrolysis conditions on recovery of (a) glucose and (b) xylose in 
solubilized products of solvent liquefaction of pretreated red oak. Pretreatment of red oak 
was conducted at 120 oC in 80/20 vol% THF/water for 60 min with 2 wt% H2SO4 and 
solvent liquefaction of pretreated red oak was carried out at 220 oC in 80/20 vol% THF/water 
for 2 min with 2.5 mM H2SO4 
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3. Effect of process parameters on carbohydrate yields in solvent liquefaction  
Factors influencing carbohydrate yields in solvent liquefaction step were studied for 
optimization of sugar yields from pretreated red oak. Reaction time, reaction temperature, 
acid concentration and water content had significant effects on glucose and xylose yields 
obtained from solvent liquefaction of pretreated red oak. The study was based on a one-
variable-at-a time design of experiments. The effect of most fundamental reaction parameter, 
the reaction time, on sugar yields from pretreated red oak is given in Figure S3 (a). With 
increase in reaction time, glucose passed through a maximum at 2 min while xylose 
continued to decrease since the start of reaction. Since total carbohydrate yield followed the 
same trend of glucose, 2 min reaction time was considered as optimum for this study. 
However, since the optimum reaction time could be strongly dependent on any changes in 
other variables such as temperature, acid concentration etc., the reaction time was always 
optimized for each independent reaction parameter for rest of the optimization study here.  
As shown in Figure S3 (b), increasing acid concentration enhanced carbohydrate 
yields at a fixed temperature and water content in THF system. The maximum total sugar 
yield achieved was 49% (glucose 39%, xylose 79%) at 2.5 mM acid catalyst level. Unlike 
acid concentration, reaction temperature had a monotonically decreasing effect on the total 
carbohydrate yields as depicted in Figure S3 (c). At a fixed acid concentration of 1.25 mM 
and water content in THF of 10 vol%, total carbohydrate yields increased with lowering of 
reaction temperature. Although glucose yield had the same trend as total carbohydrate yields, 
xylose passed through an optimum at 250 oC reaching 85% yield. Glucose achieved its 
maximum yield of 45% at 220 oC. The corresponding total carbohydrate yield was 53%, 
which was the highest yield of total carbohydrates observed in the temperature range chosen. 
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Figure S3 (d) shows that water content caused the sugar yields to increase monotonically 
with increasing water vol% in THF/water system. Xylose yields stabilized at almost 85% at 
and beyond 10 vol% water. On the other hand, glucose and thus total carbohydrate yields 
continued to increase up to 44% and 53%, respectively at 20 vol% of water content. Based on 
the above studies a qualitative optimum of reaction temperature 220 oC, reaction time of 2 
min, acid concentration of 2.5 mM and water content of 20 vol% was selected for solvent 
liquefaction of pretreated red oak.  
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Figure S3. Effect of reaction parameters on carbohydrate yields in solvent liquefaction of 
pretreated red oak. (a) Reaction time was varied between 0-12 min at 250 oC and 1.25 mM 
acid concentration and 10 vol% water content in THF system. (b) Acid concentration was 
varied between 0.625-2.5 mM at 250 oC with 10 vol% water content. (c) Reaction 
temperature was varied between 220-270 oC at 1.25 mM acid concentration and 10 vol% 
water. (d) Water content was varied between 0-20 vol% at 250 oC and 1.25 mM acid 
concentration. Solvent liquefaction was performed with 30 mg of pretreated red oak followed 
by hydrolysis at 135 oC for 44 min to determine glucose and xylose yields in all cases for this 
study. 
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4. GPC spectrum of red oak liquefaction products and extracts 
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Figure S4. Molecular weight distribution of (a) extracted lignin from red oak pretreatment, 
(b) solubilized product of red oak pretreatment, (c) solubilized product of solvent 
liquefaction of pretreated red oak, (d) Recovered products of solvent liquefaction of 
pretreated red oak in distillation bottom fraction, (e) Water-soluble products of solvent 
liquefaction of pretreated red oak recovered in distillation bottom fraction. GPC analysis was 
conducted at 254 nm. All pretreatment samples of this work were obtained from pretreatment 
of red oak at 120 oC in 80/20 vol% THF/water for 60 min with 2 wt% H2SO4 and all solvent 
liquefaction of pretreated red oak samples of this work were obtained at 220 oC in 80/20 
vol% THF/water for 2 min with 2.5 mM H2SO4 
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5. Analytical Pyrolysis GC  
Py-GC-FID/MS methodology 
Analytical pyrolysis was performed to test biomass component fractionation. The 
pretreated red oak, residue, and extracted lignin were compared to the unmodified red oak. 
Compositional analysis was not performed on the residue and extracted lignin because the 
mass of the samples generated were orders of magnitude smaller than is required. 
Furthermore, even if enough sample was produced the extent of modification may skew the 
results. Compositional analysis relies mainly on differing solubilities so any significant 
modification of the substrate may lead to false positives or negatives. 
The analytical pyrolysis was performed using a micropyolyzer and gas 
chromatography (GC) with a flame ionization detector (FID) and mass spectrometer (MS), 
referred to as Py-GC-FID/MS. Approximately 300 μg of sample was tested in the 
micropyrolyzer, a Frontier Laboratories PY-3030D operating at 500 °C. The high heating 
rates and advection associated with Frontier micropyolyzers should limit secondary 
reactions,1 providing a good representation of the biomass composition. The interface on the 
micropyrolyzer and the GC inlet were kept at 320 °C and 280 °C, respectively, to prevent 
premature product condensation. The GC split ratio was 10:1 and it used a constant flowrate 
of helium (2 mL min-1). For each experiment, the oven was kept 35 °C for three minutes, 
then slowly heated at 5 °C min-1 to 280 °C, and finally kept at that temperature for an 
additional four minutes. The GC, an Agilent Technologies 7890, used a splitter then two 60 
m Phenomenx ZB-1701 capillary columns for product separation. Each column led to a 
different detector, FID or MS.  
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The column leading to the FID also used a Polyarc®. The Polyarc, placed after the 
column and before the FID, converts all carbon atoms in the analytes into methane [2]. This 
transformation eliminates variation between molecule response factors allowing a more equal 
comparison without calibrating for each molecule [2], many of which are not commercially 
available.  
The product identification was performed with a MS, an Agilent Technologies 5975C 
GC/MSD. This MS utilizes electron impact ionization, with the source held at 280 °C. Peaks 
were identified using the 2011 NIST library.  
 
Py-GC-FID/MS results and discussion 
The extracted lignin was examined by analytical Py-GC-FID/MS. This testing shows 
three main products: non-condensable gases, furfural, and phenolics (Figure S4 (D)). Furfural 
is the outlier, as it forms from sugars [3,4]. Additionally, a very small amount of 
levoglucosan is present. Both these products demonstrate a mostly complete separation 
between sugars and lignin. This filtration would likely improve when performed at a larger 
scale; however, the residue from the water-insoluble fraction of pretreatment liquid still 
accounts for most of the lignin in the process mass balance. 
The solid residue from the water-insoluble fraction of pretreatment liquid from 
solvent liquefaction was also evaluated with analytical Py-GC-FID/MS. The results show the 
residue is composed of non-condensable gases, furanics, and lignin (Figure S4 (C)). With 
most of the lignin accounted for in the extracted lignin portion, the low phenolics yields 
indicate only a small portion of the lignin is present in the residue. Most of the products in 
this sample come from C5 and C6 sugars.  
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Figure S5. Py-GC-FID chromatograms (normalized for the mass of each sample) of 
unmodified red oak (A), pretreated red oak (B), residue (C), and extracted lignin (D) show 
successful, but not complete, fractionation of the biomass components. The vertical dashed 
lines define distinct regions of the chromatogram, with minimal exceptions. 0-10 minutes is 
non-condensable gases; 10-16 minutes is light oxygenates; 16-26 minutes is furanics; 26-42 
minutes is phenolics. The four most notable peaks are identified and presented in the table. 
FM and DG were not present in the extracted lignin. 
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6. Distillation mass balance for solubilized products of pretreated red oak 
 
 
 
 
Table S1. Overall mass balance of distillation of solubilized products of solvent liquefaction 
of pretreated red oak (Trail #1) 
 
Distillation Fraction Initial Mass (mg) 
Final Mass 
(mg) 
Bottoms 7484.03 1362.11 
Distillate 0 5677.67 
   
Total = Feedstock (Initial) 7484.03 
 
Total = Bottoms + Distillate (Final) 
 
7039.78 
   
Difference 
 
5.936% 
 
 
 
 
 
Table S2. Overall mass balance of distillation of solubilized products of solvent liquefaction 
of pretreated red oak (Trail #2) 
 
Distillation Fraction Mass (mg) 
Total Feed 11493.57 
Total Bottoms 10424.46 
Total Distillate 380.24 
  
Difference 5.994% 
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7. Recovered products from distillation of solubilized products of solvent liquefaction  
  
 
 
Figure S6. (a) Solubilized products recovered in bottom fraction of distillation containing 
highly concentrated sugars after separating THF out of the solubilized products obtained 
from solvent liquefaction of pretreated red oak at at 220 oC in 80/20 vol% THF/water for 2 
min with 2.5 mM H2SO4, (b) water washed distillation bottoms with insoluble phenolics, (c) 
THF in distillate fraction of distillation, (d) water-soluble sugars after water wash and 
filtration 
(a) 
(b) 
(c) (d) 
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